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Disclaimer

The HyperVentilate software package was complcted under a Federal Technology Transfer
Act Cooperative Research and Development Agreement between EPA and Shell Oil
Company, signed in 1990.

EPA is facilitating the distribution of HyperVentxlate because the Agency has found the
software and manual to be helpful tools, especially in teaching users about in situ soil
venting and in guiding them through a structured thought process to evaluate the
applicability of soil venting at a particular site. EPA's Office of Underground Storage
Tanks advocates the use of innovative cleanup technologies, and in situ soil venting is
recognized as an effective remediation alternative for many underground storage tank sites.

HyperVentilate is based on the document titled, "A Practical Approach to the Design,
Operation, and Monitoring of Soil Venting Systems" by P. C. Johnson, C. C. Stanley, M.
W. Kemblowski, J. D. Colthart, and D. L. Byers, published 1990 by Shell Oil Company.
The program asks a series of questions and forms a “decision tree" in an atternpt to identify
the limitations of in situ soil venting for soils contammatcd with gasoline, solvents or other
relatively volatile compounds. l
EPA and Shell Oil Company make no warranties, either express or implied, regarding the
HyperVentilate computer software package, its merchantability, or its fitness for any
particular purpose. EPA and Shell Oil Company do not warrant that this software will be
error free or operate without interruption. EPA and Shell Oil Company do encourage
testing of this product.

EPA will pot provide installation services or technical support in connection with the
HyperVentilate computer software package. Neither will EPA provide testing, updating or
debugging services in connection with the enclosed computer software package.

The HyperVentilate computer software package and this manual are not copyrighted.

For aale by the U.S. Government Printing Office
Superi; dent of D ts, Mail Stop: SSOP, Washington, DC 204029328

HEADQUARTERS LIRRARY
ENVIROWMENTAL PROTECTION AGENCY
WASHINGTGN, D.C. 204€0
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Disclaimer

Shell Oil Co. makes no warranties, either express or implied, regarding the
enclosed computer software package, its merchantability, or its fitness for
any particular purpose. Shell Oil Co. does not warrant that this software
will be error free or operate without interruption. The exclusion of implied
warranties is not permitted by some states. The above . exclusion may not
apply to you. This warranty provides you with specific legal rights. There
may be other rights that you may have which vary from state to state.

Apple is a registered trademark of Apple Computer, Inc.
Macintosh and HyperCard are trademarks of Apple Computer, Inc.

f77.11 is a product of Absoft Corp

Comments/Suggestions?
Comments and/or suggestions about the usefulness of this program can be mailed to:

Paul C. Johnson
Shell Development
Westhollow Research Center
P.O. Box 1380
Room EC-649
Houston, TX" 77251-1380

Please do not call the author and/or Shell with questions about the use or
interpretation of results from this program.
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Foreword

HyperVentilate is a software guidance system for vapor extraction (soil venting)
applications. Initial development of this program occured under the Apple Macintosh
HyperCard environment, due to its programming simplicity, ability to incorporate text and
graphics, and interfacing with other Macintosh programs (such as FORTRAN codes, etc.).
The objective was to create a user-friendly software package that could be both educational
for the novice environmental professional, and functional for more experienced users.

HyperVentilate will not completely design your vapor extraction system, tell you exactly
how many days it should be operated, or predict the future. It will guide you through a
structured thought process to: (a) identify and characterize required site-specific data, (b)
decide if soil venting is appropriate at your site, (c) evaluate air permeability test results, (d)
calculate the minimum number of vapor extraction wells, and (¢) quantify how results at
your site might differ from the ideal case.

HyperVentilate is based on the article "A Practical Approach to the Design, Operation,
and Monitoring of Soil Venting Systems" by P. C. Johnson, C. C. Stanley, M. W.
Kemblowski, J. D. Colthart, and D. L. Byers [Ground Water Monitoring Review, Spring
1990, p.159 - 178]. The software performs all necessary calculations and contains "help
cards" that define the equations used, perform unit conversions, and provide
supplementary information on related topics. In addition, a 62-compound user-updatable
library (to a maximum of 400 compounds) is also included.

HyperVentilate version 1.01 for the Apple Macintosh requires an Apple Macintosh
(Plus, SE, SE/30, 11, IIX, or portable) computer equipped with at least 1 MB RAM (2 MB
, preferred) and the Apple HyperCard Software Program (v.2.0 or greater)

This manual is not intended to be a primer on soil venting (although the software is) and it
is assumed that the user is familiar with the use of an Apple Macintosh personal computer.
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1. Introduction

In situ vapor extraction, or soil venting is recognized as an attractive remediation alternative
for "permeable” soils contaminated with "volatile" compounds. As Figure 1 illustrates,
vapors are removed from extraction wells, thereby creating a vacuum and vapor flow
through the subsurface. Until the residual contamination is depleted, contaminants will
volatilize and be swept by the vapor flow to extraction wells. While its use has been
demonstrated at service stations, Superfund sites, and manufacturing locations (see Hutzler
et al. [1988] for case study reviews), vapor extraction systems are currently designed more
by intuition than logic. In fact, many systems are installed at sites where the technology is
not appropriate.

"A Practical Approach to the Design, Operation, and Monitoring of In Situ Soil Venting
Systems" [Johnson et al. 1990a - see Appendix G] is a first attempt at creating a logical
thought process for soil venting applications. The article, which is based on earlier results
of Thornton and Wootan [1982], Marley and Hoag [1984], Johnson et al. [1990], and
discussions with several of these authors, describes a series of calculations for determining:
(a) if soil venting is appropriate at a given site, (b) limitations of soil venting, and (c)
system design parameters, such as minimum number of extraction wells and potential
operating conditions.

HyperVentilate is a software guidance system based on the Johnson et al. [1990a]
article. The software performs all necessary calculations and contains "help cards" that
define the equations used, perform unit conversions, and provide supplementary
information on related topics. In addition, a 62-compound updatable chemical library (to a
maximum of 400 compounds) is included. ' ;

Initial development of this program occured under the Apple Macintosh HyperCard
environment, due to its programming simplicity, ability to incorporate text and graphics,
and interfacing with other Macintosh programs (such as FORTRAN codes, etc.). The
objective was to create a user-friendly software package that could be both educational for
the novice environmental professional, and a functional tool for more experienced users.
The OASIS [1990] system created- at Rice University for groundwater contamination
problems is another excellent example of the use of HyperCard as a technology transfer
tool.

This document is a users manual for HyperVentilate. It contains sections describing the
installation and operation of the software. During the development of HyperVentilate,
the goal was to create a guidance system that could be used with little or no instruction.
Experienced Apple Macintosh users, therefore, can load and explore the capabilities of this
program after glancing at the "Loading HyperVentilate Software" section. Those users that
are less comfortable about exploring software without a manual are encouraged to read
through it once, and work through the sample problem. It is intentionally brief, and a
beginner should be able to navigate through the system in less than a couple hours. It is

assumed that the user has some previous Macintosh experience. If not, consult a’

Macintosh users manual for a quick tutorial.

2




- HyperVentilate Users Manual -
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Figure 1. Schematic of a typical vapor extraction operation.
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11, Definition of Some Terms Appearing in this Manual

button - an object on a "card" that causes some action to be performed when
"clicked" on

card - an individual screen that you view on your monitor

click - refers to the pressing and releasing of the button on your mouse

drag - refers to holding down the mouse button while moving the mouse

field - atextentry location on a "card" '

HyperCard - aprogramming environment created by Apple Computer, Inc.

mouse - the device used to move the cursor within your monitor

select - ‘refers to "dragging" the cursor across a "field”

stack © - agroup, or file, of "cards"

IIL. Software/Hardware Requirements

Apple Macintosh HyperVentilate version 1.01 requires an Apple Macintosh (or
equivalent) computer equipped with at least 1 MB RAM (2 MB preferable), a hard disk,
and the Apple HyperCard Software Program (v 2.0). Check to make sure that your
system software is compatible with your version of HyperCard. '

IV. Loading HyperVentilate Software

. HyperVentilate is supplied on an 800 kB doublc-sidéd, double density 3.5" diskette.
Follow the instructions listed below to insure proper operation of the software.

1) Insert the HyperVentilate disk into your computer's floppy drive. The
HyperVentilate disk should contain the files:

_- "Soil Venting Stack”
- "Soil Venting Help Stack”
- "System Design” =~
- "Air Permeability Test"
- "Aquifer Characterization”
- "Compound List Update"
- "HypeVent"
- "f77.11"

2) Copy these files onto your hard disk. Théy' must be copied into the folder
that contains the "HyperCard" program, or else the software will not
operate properly.

3) Eject the HyperVentilate disk
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V. Using HyperVentilate

The authors of HyperVentilate intend it to be an applieation that requires little pre-
training for the user. It is mouse-driven and instructions are included on each card, so
please take the time to read them when you first use HyperVentilate.

This section of the users manual is divided into three subsections. Start-up instructions are
given in the first, basic features of the cards are described in the second, and a sample
exercise is presented in the third. For reference, copies of all cards, as well as more details
on each are given in Appendlces A through F.

Ly

V.1. Starting HyperVentilate -

1)

2)

3)

4)

5)

Those users with color monitors should-use the "Control Panel” -(pull down the
"6" menu and select "Control Panel", then click on the "Monitors" icon) to set their
momtors to black and whlte ‘and two shades of .grey .

To avoid unnecessary "card- ﬂlpplng , set the "Text Arrows" optlon in your
"Home" stack "User Preferences" card to on. You can get to this card from within
any HyperCard application by selecting "Home" under the "Go"” menu. This will
take you to the first card in the "Home" stack. At this point click on the left-
pointing arrow and the "User Preferences” card will appear on your screen. Then
click on the square to the left of "Text Arrows" until an "X" appears in the square.

HyperVentilate is started by double-clicking on the "Soil Venting Stack™ file icon

* from the Finder (or Desktop), or by choosing "Open"” under the "File” menu (Note

that using a more advanced version of HyperCard than the one under which this

Ssystem was developed (v 2.0) may require you to first “convert” each of the seven
HyperCard stacks contained in HyperVentilate). :

Your monitor should display the card shown in Figure 2. Note that there are a
number of buttons on this card; there are two at the lower left corner, and then each
file folder tab is also a button (some cards may contain less obvious "hidden"”
buttons; try clicking on the authors name on the title card for example). Clicking on
any of these will take you to another card. For example, clicking on the "About
This Stack” button will take you to the card shown in Figure 3, which gives a brief
description about the use of buttons and fields. Read this card well.

Explore for a few minutes. Try to see where various buttons will take you, try
entering numbers in fields, or play with calculauons Again, _]llSt remembcr to read
instructions given on the cards. .
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Go to First Card

|

Butions
J Economics J
d Syswm Morforing Sysem ShutDown |
{~ Fud Tess SysemDesign [
J Site Investigation Is Venting Feasible? t

;( About Soil Venting “Precticel Appmach'T

~ 7

* Buttons

Figure 2. First Card of the "Soil Venting Stack" stack.

N Buttons have been placed in each
4 card. Clicking on any button will
perform an action, such as:

Go Home v first
cand in Venting Stack

Go 0 nextcand
Go o Help card

Print card or
text field

H(Caiculate) Pexforn a Cakulation

;‘z When curious, click on Symbols,
Pictures or Text.

Figure 3. Card H1 of the "Soil Venting

Fields may contain information, or they may be
a place for you to input numbers.

Click on the errows, or [}
move the box up or down ] E
with the mouse. e :

ol

Scrolling Field:

Click on axrows o move
®xt up or down
In this ares, you can

Boxed Data Field:

‘When you see an I-beam
Cursor appear in & boxed
field, click the mouse in the
box to set the cursor. Then
you may enter data.

A button will then usually
be pushed © perform an
action or calculation.

Try this example:
Enter Number in Box
[ Tinches |
(Ctick for calculation)
—_2.54 centimeters

Help Stack” stack.
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V.2. General Features of Cards

Figures 4 and 5 are examples of cards from the "Soil Venting Stack" stack and "System
Design" stack. There are a few general features. of these cards that users should
understand:

a)

b)

c)

d)

Each card (with the exception of the first card of the "Soil Venting Stack" stack) has
been numbered for easy reference with the printouts given in Appendices A through
F. In the "Soil Venting Stack" these numbers appear in the bottom center of each
card (i.e. number "3" in Figure 4). In other stacks these numbers appear at either
the top or bottom corners of the card (i.e. "SD1" in Flgure S).

Arrow buttons are included at the bottom of some cards. Clicking on right-pointing
arrow will advance you to the next card in the stack; clicking on the left-pointing
arrow will take you in the opposite direction. '

The idcntifying card numbers in the "Soil Venting Stack" stack are also fields into
which text can be typed. You can skip to other parts of the "Soil Venting Stack”
stack by selecting this field, typing in the card number of your destination (within
the “Soil Venting Stack™), and then hitting the “return" key.

Many cards have a house button in the lower left corner. Clicking on this button
will take you to the first card of the "Soil Venting Stack" stack, which is the card
displayed at start-up (see Figure 2).

In S1tu Soil Vennng Demgn rocess

i You can click on any block in this disgrem t get more information about that particular step. Or you
1 can begin at the start of the process by clicking on either the *Leak or Spill Discovered* box, or the
| dghtdirected arrow at the botom of this cand.

“ (I.eak or Spit Discavmd)

Preliminary Sits Alr Pexmeability Systm Design

Investigation Test
Screen Treatment Gxoundvaﬁr Syswm Operation,
Alematives ' Pump Test, , & Monitring

.

Figure 4. Card 3 of the "Soil Venting Stack" stack.

v

~¥
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i [ The procedure for estimating e required [

* Bl number of extraction wells is similar © the | | Flowr tiom
. i . o Estima )
process used previously v determine if o :

1| venting iy appropriate ata given site.

_ Maximum Removal
As illustrated ot te right, we will estimaw Rae

| single vertical well flowraws, calculate the '

H | minimum vapor flow required, determine Minimum Volume

| the areal extent of influence, and then " __Requirement
factor in any site-specific limimtons. This

8 | information then determines the necessary

. Siw-Specitic
[ | number of extraction wells. Limitati

| Just pmcofd © follow the steps dictated on Axu of IafTence
| | e foloving cards-——-> equireinent

Figure 5. Card SD1 of the "System Design" stack.

V.3. Sample Problem Exercise

In the following a sample problem is executed in excruciating detail. Those not wishing to
work along with the example are encouraged to utilize Appendices A through F as
references for more details on the less obvious functions of some cards.

This "Sample Problem Exercise" is divided into to four subsections that address: navigating
through HyperVentilate (§V.3.1), screening sites to see if soil venting is an appropriate
technology (§V.3.2), interpreting air permeability test data (§V.3.3), and guidance for
designing soil venting systems (§V.3.4).

V.3.1 Navigating Through HyperVentilate

Step1:  Location: The "Desktop” or Finder.
Action:  Start-up HyperVentilate by double-clicking on the "Soil Venting
Stack” icon, or click once on this icon and then choose "Open” from
the "File” menu. T
Result:  HyperVentilate will start-up and display the title card (Figure 2).

Step2:  Location: Title Card of the "Soil Venting Stack™ stack.

Action: . Click on the "About This Stack" button. -

Result:  You are now at card H1 of the "Soil Venting Help Stack” stack
(Figure 3).
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Step 3:

Step 4:

Step 5:

Step 6:

~ Location:

Action:

Result:

Location:

Action:
Result:.

Location:

Action:
Result:

Location:

Action:
Result:

Card H1 of the "Soil Venting Help Stack" stack.

" Play with the buttons and scrolling field. Practice entering a number

in the field in front of "inches”. Place the cursor in the box. It will
change from a hand to an "I-bar” as it enters the field. Hold down
the mouse button and drag the I-bar across the entry, which will
become hilited. Now type in another number, or hit the delete key.
Practice until you feel comfortable selecting text and entering
numbers. Then click on the "Click for Calculation” button. When
you are done practicing, click on the "Return” button. _

Return to the title card of the "Soil Venting Stack" (Figure 2).

Title Card.of the "Soil Venting Stack” stack. -
Click on the "Economics" file folder tab.
You are now at card 27 of the "Soil Venting Stack" stack. Take a

‘quick glance at this card, which is displayed in Figure 6. °

Card 27 of the "Soil Venting Stack” stack.
Click on the "House" button in the lower left corner.
You are back at the title card (Figure 2).

Title card of thie "Soil.-Venti_ng. Stack” stack. -
Click on the "Go to First Card" button.
You are now at card 1 of the "Soil Venting Stack” stack (Figure 7).

“Click” on any item below (&
hold button down) to see costs §

| For typical service station sites;
| clean-up costs can range from
[ $100K - $250K for the venting
J{ | operation alone, depending on

up time, permitting
1 | requirements, and the type of
| vapor treatment system used.

-associated with that item.

| The tvo major costs are
§| generally associated with the
fl| vapor treatment unit and

Figure 6. Card 27 of the "Soil Venting Stack" stack.

A4
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This HyperCard Stack was created to help guide environmental scientists

through the thought process necessary to decide if and how soil venting might

be applied to remediate a given site. The organization and logic of this stack
follows the paper:

"A Practical Approach to the Design, Operation,
and Monitoring of In-Situ Soil Venting Systems”

by
P, C. Johnson, C. C. Sunley, M. W. Kemblowski, J. D. Colthart, & D. L. Byers

published in Ground Water Monitoring Reviev, Spring 1990, p. 159-178

If at diis point yor do not feel comfortable with the use of the duttons, please
click once on “?" for more info on the mechanics of this stack. ..

Figure 7. Card 1 of the "Soil Venting Stack" stack.

Step7:  Location: Card 1 of the "Soil Venting Stack” stack.
Action:  Click on the right-pointing arrow.
Result:  You are now at Card 2 of the "Soil Venting Stack" stack (Figure 8).

Step8:  Location: Card 2 of the "Soil Venting Stack” stack.

Action:  Read the text, and click on the "down" and "up" arrows on the
displayed text field under "About Soil Venting..." to make the
field scroll. Then click on the left-pointing arrow at the card bottom.

Resuit: You are now back at card 1 of the "Soil Venting Stack” (Figure 7).

Step9:  Location: Card 1 of the "Soil Venting Stack” stack.
Action:  Click on the right pointing arrow. ,
Result:  You are again at card 2 of the "Soil Venting Stack" stack (Figure 8).
By now you should feel comfortable using the left- and right-
pointing arrows to travel through the stack.

Step 10:  Location: Card 2 of the "Soil Venting Stack” stack.
Action:  Click on the "?" button in the lower right corner of the card. This
button indicates that there is a "Help" card containing additional
information. .
Result:  You are now at card H2 of the "Soil Venting Help Stack” stack
(Figure 9). Scroll through the list of references, then click on the
"Return” button to return to card 2 of the "Soil Venting Stack” stack.

At this point you should feel comfortable navigating around in HyperVentilate.




- HyperVentilate Users Manual -

Abouot Soil Venting ...

Soil Venting (a.k.2. “in-situ soil
venting”, “vacuum extraction”, &
"in-situ vapor extraction”) is

rapidly becoming one of the most [
practiced soil remediation processes |
for permeable soils contaminated |
with relatively volatile

hydrocarbons.

The underlying phenomena that
influence the success of any soil
venting operation are easily
understood. By applying a vacuum |

Al )

More information about soil venting can be found in the following articles:

: M.C. idaxley and G. E. Hosg, Induced Soil @enﬁu for the RecoveryRestoration of Gesoline
§ Hydrocsrbons in the Yadose Zone, NWWAJAPI Conference on Petroleum Hydrocarbons and
Organic Chemicals in Groundwater, Houston, TX, 1984.

4P. C. Johnson, M. W. Kemblowski, and J. D. Colthart, Practical Screening Models for Soil
il Venting Applications, NWWAJAPI Conference on Petroleum Hydrocarbons and Orgenic Chemicels
H in Cround water, Houston, TX, 1988. ’

A N. J. Hutzler, B. E. Murphy, and J. S. Gierke, St of Technology Review: Soil Yapor Extrection
f Sysems, U.S.E.P.A, CR-814318-01-1, 1988.

D. J. Wilson, A. N. Clarke, and J. H. Clarke, Soil Clean-up by in-site Aeration. I. Mathematical
il Modelling, Sep. Science Tech., 23:991-1037, 1988,

Bl Print References} B

Figure 9. Card H2 of the "Soil Vcniidg Help Stack” stack.
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V.3.2 Sample Problem Exercise - Is Venting Appropriate?

In §V.3.2. you will work through an example problem to jllustrate how one might decide if
venting is appropriate at any given site. For the purpose of this example we will use the
example site information given in Figure 10.

North
WE
no-— -
20 e - }- 0.0
&g
- 0.0
: v
é 30 — -
: 3
6 - r- 0.0
2
8 40 o+ 17
m o —
g wha 24
.m
a 50 s ; =73
60 m— b 9.5 ' i
HB-17
Static Ground
Water Table

South
== (0.8 wgm (,31
- o 6m == e ——agei Y~
- 0.3 - L 0.44
Fine to
L ] - 8.2 s {),
Coarse Sand 54 - 0.17
wle 8577 = 214 agm g8
—————— win3g]= = = 3= s — e—eha- (.63
Silty&Clay e 653 b 967 3= 1.5
Clayey Silt 33267 + m o+ 0.86
______ o e _ ¥
' ) 23831 e 16
Fine to 10 =4~ 23167 e 32_
Medium Sand
1.7
HB-10 HB-5 HB-3
SCALE ()
L 3 3
| L L}
0 10 20

Contamination Type: Weathered Gasoline

1

Figure 10. Sample site data (Johnson et al. [1990a]). Total petroleum hydrocarbons
(TPH) [mg/kg] valu__es are noted for each boring.
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Using your newly developed navigational skills and the right pointing arrow located at the
bottom of each card, slowly step your way through the stack until you reach card 7 of the
"Soil Venting Stack" stack (Figure 11). Take your time to read the text and "Help" cards
associated with each card along the way.

Step 1: - Location: Card 7 of the "Soil Venting Stack"” stack.
Action:  Read this card. It explains the process that you will use to decide if
* venting is appropriate. Then advance to card 8 of the "Soil Venting
Stack” stack.
Result:  You are now at card 8 of the "So:l Ventmg Help Stack" stack
‘ (Figure 12). :
Step2: Location: Card 8 of the "Soil Venting Help Stack” stack.
Action:  Read the instructions on this card. Take the time to read the
" information on the two "Help" cards: "Info about Calculanon and
“"About Soils (& Unit Conversions)". ~

Now we will evaluate the efficacy of applying in situ soil venting to
the lower soil zone (45 - 50 ft below ground surface) in Figure 10,
which is composed of fine to medium sands. It also is the zone of
highest hydrocarbon residual lcvels (>20000 mg/kg TPH in some
areas).

ls Venung Appmpnate?

Flowrate
Read This : mem
At this point we will proceed through a + Maximum Vapor
simple thought process to decide if soil Concentration
venting is a feasible alternative. As .
mentioned earlier, the three main factors that
govern the success of a venting operation are:

- vapor flovrate L | Acceptable 7
- vapor concentrations -

- subsurface stratigraphy (or the location of [ii
contaminants relative o the vapor ‘ More Realistic
flovpath) _ ' Calculations

. —

Meximum Removal
‘Ram

Figure 11. Card 7 of the "Soil Venting Stack” stack.

13

324-235 0 - 92 - 2 QL 3
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. 1) Choose Soil Type, or :

. 2 gpﬂonvavl -ll %n':mﬁ own permecbility values (darcy) | #
. : ntey We

- O Medium Sand 3) Entwr Radius of Influence (£0 & Inwrval Thickness* |

® Fine Sand 4) Optional - Enter your own well vacuum (406" = max)| E

: O Silty Sand S) Click buton to calculate Predicted Flowrate Ranges

O Clayey Silts Predicted Flowrate Ranges
Well Flowrate

| O Input Your Own Permeability Range Yocuum (SCFM)

Permeability Range (darcy) (mp 2oy (single well)
C1] [H,
ol 10 0.33 3.32

Well Radius 2 lin 10 0.66 6.29
Radius of Influence [__40" |ft 130 |to].. 13.02 |

Interval Thickness® [ 66 |ft 254 {to]

371
( —>Calculate Flowrate Ranges<-- ) 6.83

§  *tdickaess of seranad intarval, of 1_10.067
rmesdle zosa {whichaver is smaller).

dC I vow Solls (& Unit Convemions }

Figure 12. Card 8 of the."Soil Venting Stack" stack.

Step3:  Location: Card 8 of the "Soil Venting Stack" stack.
Action:  Choose the "Fine Sand" soil type, and enter:

well radius = 2in

radius of influence = 40 ft
interval thickness = 6.6 ft

user input vacuum = 200 in H,O

into the appropriate fields, then click on the
"-->Calculate Flowrate Ranges<--" button.
Result:  The flowrate ranges are calculated and displayed. Your screen
should now look like Figure 12. The calculated values are estimates
~ of the flowrate to a single vertical well (and are only valid estimates
when your conditions are consistent with the assumptions built into
the calculation - see Johnson et al. [1990a, b] for more details).

Step4:  Location: Card 8 of the "Soil Venting Stack” stack.
Action:  Click on the right pointing arrow to advance to card 9. Read the
information on this card, then advance to card 10
Result: You are now at card 10 of the "Soil Venting Stack” stack (see Figure
' 13).

Step5:  Location: Card 10 of the "Soil Venting Stack" stack.
Action:  Assume that the soil temperature at our sample site is 182 C. Enter
this value in the appropriate field, then hit the "return” key. This
action clears all values from the other ficlds.
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Vapor Concenttauon Esumauon Calcnlauon

B3 Type in Temperature (*C) (hit <return>)

Click to Enter Composmon of Contaminant = O Enter sttn‘out:on
or Q "Fresh™ Gasoline
Choose one of the Defau]t Dlstnhutzons @ "Weathered" Gasoline

#(3) Click to View Distributions, (optional) (Viev Distibutions )

: Click to Perform Calculations ® Perform Caleulations

Sum of Mass Fractions 1.00000
Results: Calc. Vapor Pressure 0.05784 atm
' ) Calc. Vapor Concentration 203.94878

8 [ About Calculation}

(L pontCent )}

@ { How Do I Measure a Distribution? §

Figure 13. Card 10 of the "Soil Venting Stack” stack.

| VYiev Only Mode | Yapor
’ Mass Molecular Pressure {(atm)
# Compound Name Fraction Woight(g) @[ 18 TC

propane 44.1 8.04673 |{
isobutans .. . 58.1 2.75865
n-butane 58.¢ 1.97431
trans-2-butene 56.1 11.84196
cis-2-butene 56.1 167019
3-mathyl- 1-butene 70.1 0.83359
isopentane . 72.2 0.73146
1-pentens ~lo. 70.1 0.64939
2-methyl- 1-butene . 70.1 0.62093
2-methyl-1, 3-butadiens . ___|68.1 0.60914

: = Sum of Mess Fractions

(should be ~1)

=000 B W N -

f{(Hov Do I Measure a Disuibution? } #8 Retumn 1 Vapor Cone. Estmation Card J{ prim Liss  Jd

Figure 14. Card H16 of the "Soil Venting Help Stack” stack.

v
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At this site the residual hydrocarbon is a "weathered” gasoline, so

choose this selection from the three composition options listed. The

"Fresh” and "Weathered” gasoline selections correspond to pre-

programmed compositions that are useful for estimation purposes. /

If you knew the composition of your residual, then you could enter

it by selecting the "Enter Distribution” option. Click on the "View

Distributions" button to take a look at the compound library and the

. -pre-specified composition of "weathered” gasoline. :

Result:  You are now at card H16 of the "Soil Venting Help Stack" stack

.(see Figure 14).

Step6:  Location: Card H16 of the "Soil Venting Help Stack" stack.
Action:  View the library and pre-specified composition: If you are
interested, explore some of the help cards. Then click on the
"Return to Vapor Conc. Estimation Card" button to return to card 10
of the "Soil Venting Stack” stack.
Result:  "You are now at card 10 of the "Soil Venting Stack” stack (Figure
13).

Step7:  Location: Card 10 of the "Soil Venting Stack" stack.

Action:  Click on the "Perform Calculations" button.

Result: HyperVentilate calculates the maximum possible vapor
concentration corresponding to the specified composition and
temperature. The results are displayed in Card 10 of the "Soil
Venting Stack” stack, which should now look like Figure 13.

Step8:  Location: Card 10 of the "Soil Venting Stack" stack.

Action:  Using the right-pointing arrow button, advance to card 11 of the
"Soil Venting Stack” stack. Take the time to read the text, then click
on the "Calculate Estimates" button

Result:  You are at card 12 of the "Soil Venting Stack" stack. The calculated
flowrates and maximum possible removal rates are displayed along
with an updated list of the input parameters that you have entered.
Your screen should look like Figure 15, if you have chosen the
“lb/d" units.

Step9:  Location: Card 12 of the "Soil Venting Stack" stack.
Action:  Click on the right-pointing arrow button. You are now at card 13 of
the "Soil Venting Stack” stack. Read the text, then enter:
estimated spill mass = 4000 kg
desired remediation time =180d
Now click on the "-->Press to Get Rates<--" button
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| Maximum Removal ??%:;em °C)
- 4]
N Rate Estimates Sofl Permeability Range (daxcy) |
! Redius of Instoonce (10
i IUus O nce
: select your unit preference below Contminant Type
® lIb/d] _ . Penneaple Zone Thickness (ft) |

O lkg/d] Py- Well ' - Flowrate Estimates Max. Removul Rae Estimates
Notw: Vecuum [SCFM] (vid]
; ’ (nH,0) - (singls well)

These are “maximumn 2 0.33 332 ‘
H remowval rates”, and should 10 0.66 8.39.
| only be used as screening 20 11.1.30
estimaws %o determine if 40_||.2.54
venting is even feasible ata 50 3.71
i given site. Continue on © 120 6.23
the nextcand w0 assess if 20
J§ these rates are scceptable...

¢ PrintCard 2

Figure 15. Card 12 of.t_he "Soil Venting Stack” stack.

| 7z Soil .iVentl'ng Appropriate? Enter . @kg f
At this point, you compare the [£] (D Estimated Sf’m Mass[__4000] & 1p

j| | maximum possible removal rate (2) Enter Desired
wvith your desired removal rate. | Remediation Time d.ags 5

1 |1f the maximum removal rate - + D ((SPrssweetRaws<- )
fl | does not exceed your desired
removal rate, then soil venting Single Vertical Well Results

~ :‘n:“ l‘kegut‘;’ dmeet ? ur mﬁ' Destred Removal Rate: 22721 i) |B
j |20C you showidl constder ano Gsuge Vacuwn (in H20): 200] (inH20)(H
| treatment technology, or make MinFlowvne @ 200 inH20 [ 10.07| {scrMm {
| {your needs more realistic. Max Flowra @ 200 inH20 | 100.66| [scrm |
il | Mex. Est Removal Rate:
| In the next cards, we will refine filif| (lower estimate) - per well 64.892 | (xgrd) |F
o [the removal rate estimates, in (upper estimaz) - per well 1647.108 | {keid] (€

Figure 16. Card 13 of the "Soil Venting Stack” stack.
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Step 10:

Step 11:

Result:

Location:
Action:

Result:

Location:
Action:

Result:

Your screen should now look like Figure 16. Note that your desired
removal rate (=22 kg/d) is less than the estimated maximum removal
rates for a single vertical well (=165 to 1650 kg/d). At this point in
the screening exercise, therefore, soil venting still appears to be a
viable option. ' ‘

Card 13 of the "Soil Venting Stack” stack.

Click on the right-pointing arrow button to advance to card 14 of the
"Soil Venting Stack” stack. Read the text, then advance to card 15
of the "Soil Venting Stack” by clicking on the right-pointing arrow
button. Again, take the time to read the text, then advance to card 16
of the "Soil Venting Stack” stack. The focus of these cards is the
prediction of vapor concentrations and removal rates as they change
with time due to composition changes. It is important to try to
understand the concepts introduced in these cards.

You are at card 16 of the "Soil Venting Stack" stack (see Figure 17).

Card 16 of the "Soil Venting Stack"” stack.

This card is used to finalize your input data prior to calculating vapor
concentration and residual soil contamination composition changes
with time. Read the instructions in the order that they are numbered.
Note that the summary table in the upper right corner of the card
contains all the parameter values that you have input thus far, The
instructions describe how to change these values, but at this point
we will retain the displayed values.- Because it is difficult to present
the behavior of each compound in a mixture composed of an
arbitrary number of compounds, the output is simplified by
reporting the behavior in terms of "boiling point" ranges. This
simply represents a summation of all compounds whose boiling
points fall between pre-specified values. Presented in this fashion,
the model results can be interpreted much more quickly. Click on

the "tell me more about BP ranges..." button, read the help card,

then return to card 16 of the "Soil Venting Stack" stack. Click on
the "-->Set Default BP Ranges<--" button. Your screen should now
look like Figure 17. Click on the "Generate Predictions” button

The message "Sit Back and Relax..." will appear on your screen,
followed by a screen on which the following appears:

"Copyright © Absoft Corp 1988

Copyright © Shell Oil Co 1990

HANG ON ----- YOU WILL BE RETURNED TO HYPERCARD...

# OF COMPOUNDS IN LIBRARY = 62"

Then card 17 of the "Soil Venting Stack” stack will appear.
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Model

Predictions Temperature (°C) |
: @ Soil |
F A Soil Permeability Range {darcy)
g | To the right i3 & summexy of the Well Radius {in)
dat you have input. If youwishto{ Radius of Influence ()

i 40 |
] change any of the info, then click 'gmz;?ﬁkm, o m’“‘ Gasolins

on the parameter nams, and redo
the calculations on the cand you will
4| be taken 0. Press the blinking

|| ‘Return’ button o come back

(3) (—> Set Default BP Ranges <— )

@ [Boiling Point Range #1150 Tto] 28 [ C
§ | The model retarns output that | Boiling Point Range #21 28 |to! 80 | C
fl |allovs you © determine {Boiling Point Range #3| 80 |to] 111 ! C
] |residual amounts of [ Boiling Point Range #41 111 |to 144 | C
| | compounds felling vithin 5 (Boiling Point Range #5| 144 [tol| 250 { C
§ |Yoiling point renges. Type in .
| |7ous own ranges, ar choose @ &enerate Predictinns]
the default values.

Figure 17. Card 16 of the "Soil Venting Stack" stack.

Saturated Yapor )
Concentration at time=0 0.2053E+03 | [mg/L)

FIRST PRESS THE IMPORT Hin Yolume %o Remove (Lsitg-
DATA BUTTON! >904% of Initial Residual : residual}

Thase are the results for the Temperature (*C): 18
conteminant type that you have Contaminant Type: | Weathered Gmlinc]

QUM(0) | Vapor | Residual BP 82 BP 43 BP #4 BP &S
L-aiy Conc! Level Residual | Residusal | Residual | Residual
g-residual { {96 Initial] | [98 Initial] [#8wul] | [#Bowl] | [%Bwnl] | [9%6vu]]
.00 ] 100.000 | 100.000 . 11.650 24.010 22.140 41.510
.24 75.062 95.000 . 9.263 23.982 23.000 43 632
57 58.631 90022 | .00 6.755 23.474 23.820 45,950
.98 48.078 85.034 . 4512 22.403 24.577 48.509
39.390 80.034 . 2.632 20.711 25.248 $1.350
31.941 75.035 .000 1.222 18.503 25.766 54.509
25.91i6 70.035 . .385 15.556 26.031 58.028
21.150 65.037 R 12053 | 25919 51.959

- ¥ LaunchExrel [ B

Figure 18. Card 17 of the "Soil Venting Stack"” stack.
\7
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Step 12:

Step 13:

Location:
Action;
Result:

Location:
Action:

Result:

Card 17 of the "Soil Venting Stack" stack.

Read the instructions, then click on the "-->Import Data<--" button.
Your screen should look like Figure 18. The table in the lower part
of the card lists mode! predictions; vapor concentration and residual
soil concentration (expressed as a percentage of their initial values),
as well as the composition of the residual (expressed as a percentage
of the total for each boiling point range) as a function of the amount
of air drawn through the contaminated soil. Note that as the volume
of air drawn through the soil increases, the vapor concentration and
residual soil levels decrease, and the composition of the residual
becomes richer in the less volatile compounds (BP Range #5). In
the upper right comer of the card are displayed the saturated, or
initial, vapor concentration and the minimum amount of air that must
be drawn through the soil per gram of initial contaminant to achieve
at least a 90% reduction in the initial residual level. This value is
used in future calculations as a design parameter.

Card 17 of the "Soil Venting Stack" stack.

Click on the right-pointing arrow to advance to card 18 of the "Soil
Venting Stack” stack.

You are at card 18 of the "Soil Venting Stack" stack, which should
resemble Figure 19. Read the text. A summary of your input
parameters appears on the right side of this card. At the bottom
appears two calculated values representing the range of the minimum
number of wells required to achieve a 90% reduction in the initial
residual level in the desired remediation time. These values
correspond to idealized conditions, however, they can be used to
gauge the efficacy of soil venting at your site. For example, in this
case the minimum number of wells ranges between 0.7 - 7, which is
not an unreasonable number for a site the size of a service station. If
the range had been 100 - 1000, then it might be wise to consider
other remediation options.

It is important to recognize that model predictions are intended to
Serve as guidelines, and are limited in their ability to describe
behavior that might be observed at any given site. One should use
all the information available, in addition to idealized model
predictions to make rational decisions about the applicability of soil
venting.
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Step 14: . Location: Card 18 of the "Soil Venting Stack" stack.
Action:  Click on the right-pointing arrow button to advance to card 19.
Result:  You are now at card 19 of the "Soil Venting Stack"” stack. This card
lists several phenomena that can cause one to achieve less than ideal
removal rates. Take the time to explore each of these options, then
return to card 19 of the "Soil Venting Stack" stack.

. Is Veuating Appropriate?

This is a complete summary &

of the data and results. || Temperature (1. [ 18
] Contaminant Type: | Weathered Gasolins.

Based upon these numbers, a
“minimum number of wells”
has been calculated, which
should give you some

Sofl Type: |  Pine Sand
Well Radius [in]: 2
Est. Radius of Influence [ft]: 40
Permeatle Zone Thickness [ft): "L 6.6

indication of how Flowrae per Well (120 Vac) [SCFM) | . 6.83
approgriate venting is for | Flowrste per Well (120" Vac) [SCFM) [ 68.27

|your application. Note that '[iif Min. Vol. of Air [Lig-residual): 128.48
this is the number of wells if ||| Estmatd Spil Mesx: 4000 [xg

| Desired Remediation Time [days): - 180

circumstances are ideal,

LI SPL) i

Minimum # of Wells
Comz < Based <723 ]

- om Your Input Parameters

' 18

Figure 19. Card 18 of the "Soil Venting Stack” stack.
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Freld Tests

‘“;

Figure 20. Card 20 of the "Soil Venting Stack” stack.
V.3.3 Sample Problem Exercise - Field Permeability Test.

Note: " It is recommended that you always plot and visually inspect your data prior
to attempting to fit it to any theory.

In this example, we use HyperVentilate to analyze air permeability test data from the site
pictured in Figure 10. We will focus on results from the lower fine to medium sand zone
(45 - 50 ft below ground surface). Advance to card 20 (Figure 20) of the "Soil Venting
Stack” stack to begin.

Step1:  Location: Card 20 of the "Soil Venting Stack" stack.
Action:  Using the right-pointing arrow, advance to card 21 of the "Soil
Venting Stack” stack. Read the text, then click on the "Air
Permeability Test" button.
Result:  You are at card AP1 of the "Air Permeability Test" stack.

Step2:  Location: Card AP1 of the "Air Permeability Test" stack
Action:  Read the instructions, then click on the "Show Me Set-up” button.
Take a look at the figure, then click the "Retum” button to return to
card AP1 of the "Air Permeability Test" stack. Now click on the
"Test Instructions” button.
Result:  You are at card AP3 of the "Air Permeability Test" stack.

Step3:  Location: Card AP3 of the "Air Permeability Test" stack.
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Step 4.

Step 5:

Action:

Read the text, look at the sample data (click on the "show me sample
data” button) then enter the following values for this example:

soil layer thickness = 6.6 ft
~ estimated radius of influence = 50 ft
_ air permeability test flowrate =15CFM

Result:

Location:
Action:

Result:

Location:
Action:

Result:

Click on the "-->Calculate<--" button to estimate how long the air
permeability test should be conducted.
Your results should match those displayed below in Figure 21.

Card AP3 of the "Air Permeability Test" stack.

Click on the "Return” button to return to card AP1 of the "Air
Permeability Test” stack. Then click on the "Data Analysis" button.
You are now at card AP5 of the "Air Permeability Test" stack.

Card APS5 of the "Air Permeability Test" stack.

Read the text, then step through cards AP6 and AP7, until you reach
card APS of the "Air Permeability Test" stack.

You are now at card AP8 of the "Air Permeability Test" stack.

| Air Permeability Test - lastroctions

| | Identify soil zones to be treated S N ( show me sample dataj

 |2)
| | Install vapor extraction well(s) in this
| |zone(s). Existing monitoring wells

i | may be used, when the screen interval fiiii 2) Estimawd Radius of Influence [£1):
| |extends only into the zone to be treated. [ | 3 A Penm. Test Flowrats [CPM]:

{ |Note the extraction vell radius and ‘
l| [borehole size. Insure that the well is (_=> Calculate < )
not “connectad” to other soil zones : '

§ |through the borehole (use cernent/grout i Time ' Extrct s Pore Yoiume{0.72

Pore Yolume Estimation:

Ener:
1) Soil Layer Thickness [ft]:

i| | Pore Yolume: 15543

fl Lo seal annular borehole region).

Figure 21. Card AP3 of the "Air Permeability Test" stack.
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Step6:  Location: Card APS of the "Air Permeability Test" stack. :
Action:  Read the text, click the "clear" buttons to clear any entries from
columns, then enter the following data:

r=53ft r=324ft
Time Gauge Vacuum Time Gauge Vacuum
[min] [in HyOl [min] [in H>Ol
9 0.1 4 1.2
11 ) 0.2 . : 7 3.0
15 0.2 9 4.3
23 0.4 12 5.5
30 0.7 16 6.9
40 ' 1.3 24 9.9
100 2.8 30 11
39 13
52 16
77 20
99 : 21
110 23
121 24.5
141 25.5
flowrate =15 SCFM
screened interval thickness = 6.6 ft

While entering the data it is convenient to place the curser in the time
column, type in the time value, then use the "tab" key to advance to
the vacuum reading column. Enter the corresponding vacuum
value, then hit the "tab key again. As you see, this advances the
curser to the time column again. Now click the "-->Calculate<--"
button. :

Result:  Your results should match those displayed in Figure 22. Soil
permeability values have been calculated by fitting the field data to
the theoretical model described in cards APS - AP7 of the "Air
Permeability Test" stack. '

Step7:  Location: Card APS of the "Air Permeability Test" stack.
Action:  Review the results, then click on the "Explanation & Statistics”
- button.. This advances you to card AP9 of the "Air Permeability
Test" stack, which lists correlation coefficients for the data fitting
process. These values give an indication of how well the model
describes the behavior observed in the field. Values approaching
unity indicate a good fit. Your results should match those given in
Figure 23.
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; nalysis (cont.)
: D il — [ss o r=[32.4 Jeso =l

monitoring poing (WD) (nH20)  (min) (inH20) (min) (in H20)

Enter measured —,

b) screened interval

thickness
| [es lio G _
ke [18.69489darcy (A) ke [2.858452]dercy (A) ke[ asv(a) |
{(—=cucune<) 9.298663 darcy (BY k= [2.767599dnrey (B) B=[_ darcy (B) §

| Explanation & Swistics JI APS

Figure 22. Card AP8 of the "Air Permeability Test"” stack.

: Air Permeability Test - Data Analysis (cont.)

H On the previous Caxd {APS), the data you tnput were fit t0 the approximate expression given on Card
B AP6. Itwas analyzed using both methods deseribed on card AP?, if you input values for the

Bl extaction well flovram (Q) and the stratum thickness (m). Below each column of data, the two

I calculated permeability velues are denoted by:

| darcy(A) - refers 1 calculation method 1 (see Card APT)
[ darcy(B) - refers © calculstion method 2 (see Card AP7)

I During the regression snalyses, the data expressed as Camelation Goef.
B|| s of points (in(9, P') are fit® a line. " The @
1| "correlation coefficient”, 1, is & measure of how well det set#1./0.941 158
the data conform % the theoretical curve. As r-->1, the
! 2at points all fall on the theoretical curve. At the right : damset$2 [ 0.98602
1| are given the correlation coefficient values for the three . .
f|dat sets. For more info on the meaning of x, consult data set 33
any introductory Sttistics book.

Figure 23. Card AP9 of the "Air Pérmeability Test" stack.

\
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System Design

Staley's
Tortllls Plinging Outyost
&

Hylracwdon Costina

Figure 24. Card 22 of the "Soil Venting Stack" stack.

V.3.4 Sample Problem Exercise - System Design

In this example we illustrate the use of HyperVentilate for system design guidance. Asin
§V.3.2 and §V.3.3, we use the sample site presented in Figure 10. At this site gasoline
was detected in three distinct soil strata: a fine to coarse zone located 10 - 30 ft below
ground surface (BGS), a silty clay/clayey silt zone located 30 to 42 ft BGS, and a fine to
medium sand zone that extends from 42 ft BGS to the deepest soil boring (60 ft BGS).
. Groundwater is detected in monitoring wells at about 50 ft BGS.

Advance to card 22 of the "Soil Venting Stack” stack to begin (Figure 24).

Step1:  Location: Card 22 of the "Soil Venting Stack" stack.
Action:  Use the right-pointing arrow to advance to card 23 of the "Soil
Venting Stack” stack. Read the text, then advance to card 24 of the
"Soil Venting Stack” stack.
Result: Card 24 of the "Soil Venting Stack” stack, which appears in Figure
25, should be displayed.

Step2:  Location: Card 24 of the "Soil Venting Stack” stack.
Action:  Read the text, explore using some of the options. You will find that
the options: "Well Location", "Well Construction”, “Surface Seals",
"Groundwater Pumping System", and "Vapor Treatment" provide
some useful guidance information on aspects and components of a

soil venting systemn. Return to card 24.
Result:  Card 24 of the "Soil Venting Stack" stack should be displayed.
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System Desigua. ..

i At the right is a list of the components O Number of action Wells

of a venting system design. Clickon . .
each to conduct the indicated phase of . O Well Location

the design process
QO Well Construction

| | Remember: 1tis not our inwntion W provide a
generic recipe for vacuum extraction system O Surface Seals
design; instead we suggest the following asa .
structured thought process. As you shall see,
even in & structared thought process, intuition
[} and experience play imporantroles. There is

{1 | no substitue for a good fundemental O Yapor Treatment
i | understanding of vapor flow processes,
l | transpont phenomena, and ground water flow!

Q Groundwater Pmﬁping System

Figure 25. Card 24 of the "Soil Venting Stack" stack.

Number of Venting Wells...

8| The procedure for estimating the required KO

i | number of extraction wells is similarw the | | Flowne

i | process vsed previously o determine if M—

i | venting s eppropriate ata given sie.

i Maximum Removal
+ d| As illustrated ot Bie right, we will estimate Ret

H | single vertical well flowrates, calculate the
| minimum vapor flow required, determine Minimum Volume
| the areal exwnt of influsnce, and then Requjremant

[ | facwor in any site-specific limitations. This
| information then determines the necessary Ste-Spectfic

B numbder of extraction wells. Limiwtions

: vatpmu?d 0 follow the steps dictated on “Aves of Toflarnce
i | e followisg cards---> Requirement

=

Figure 26. Card SD1 of the "System Design" stack.

v
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Step3:  Location: Card 24 of the "Soil Venting Stack” stack.
Action:  Select "Number of Extraction Wells" from the list of options.
Result:  Card SD1 of the "System Design” stack should be displayed, as
pictured in Figure 26.

Step4:  Location: Card SD1 of the "System Design" stack.
Action:  Read the text, then use the right-pointing arrow to advance to card
SD2.
Result:  Card SD2 of the "System Design" stack should be displayed.

Step5:  Location: Card SD2 of the “"System Design" stack.
Action:  Read the instructions on the card, enter the following values into the
table, then click on the "Update” button:

Soil Zone

Parameter Medium Sand Clayey Silt Fine Sand
subsurface interval (ft BGS) 10-30 30-43 - 43-50
description of contaminant gasoline gasoline gasoline
radial extent of contamination (ft) 20 20 20
interval thickness (ft) 20 13 7
average contaminant concentration 100 1000 ‘10000

Result:  Card SD2 should now resemble Figure 27.

Step 6: Location: Card SD2 of the "System Design" stack.
Action:  Use the right-pointing arrow to advance to card SD3 of the "System
’ Design" stack.
Result:  Card SD3 of the "System Design" stack should be displayed.

Step7:  Location: Card SD3 of the "System Design” stack.
Action:  Read the text. Note that "clicking™ on many of the table headings
will take you to "help" cards. Take a few minutes to explore the
use of these, then enter the following information:

Soil Zone )
Parameter _ Medium Sand Clayey Silt Fine Sand
permeability (darcy) " 10- 100 0.01 - 0.1 1-10
design vacuum (in H2O) 40 40 40
Well Construction: .
Radius of Influence (ft) 40 40 40
Extraction Well Radius (in) 2 2 2

Extraction Well Screen Thickness (ft) 10 5 5
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: Design Input Parameters... " sesctteoulmess @ (el
d (soil stratigraphy & contaminant characteristics) units thatyouprefer () (1)

| Please enter G2 uquned information for each distinct soil |

. '
layer, click on the *Updaw® butwon, and then proceed C_leu All Enuies
the nexteand (i.e. click on right axrow &t botom). Contaminant

Distribution
Description of Depth BGS* Description of [ dwernl | aveng
Soil Unit ~ I Conmmination

ndivs fthickness| cone.

{1 | (motke]
20 20| _ 100
0 .13 1009
20 74...10000

. % Below Ground Suface

Figﬁre 27. Card SD2 of the "System 'Design"” stack.

Deugn lnput Parameten.. . [Now: - click on any wbie heating v] O Metiun 8sat

_ _getmore info O Fins Sad
3 Please enter the nquim‘l m!onmﬂon for - use tab key to move

: ilty #sad
§ each distinet soil layer, end then proceed - between cells QO sy 8

- O Clayey 8ilts
| © e xextcand. . Hxtracton Well

Construction Critical
T Yolume of

Design -

well | screen | madivs of
Yeacuum radivs Johicknass| intuence | A
(InHZ0)| fin) | a1 | (Lg)
9 2 10f 40 .1 2848
40 2 .S 4 - 128
0. 2 5|0 4 128

Description of
Soil Unit

.

* Eater of ¢hoose from List at top right
1 _Clear All Entries J=

% inimum volume of vapor rquired to achisve n.lnlu!lol

Figure 28. Card SD3 of the "System Design" stack.
A%

29
324-235 0 - 92 ~ 3 QL 3
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Step 8:

Step 9:

Result:

Location:
Action:

Result:

Location:

Action:

Result:

The "Critical Volume of Air" is calculated by the same procedure
used previously in §V.3.2 (steps 10 -13). To initiate this
calculation, "click" on the "Critical Volume of Air**" heading.

Card SD5 of the "System Demgn" stack appears on your screen

(Figure 29).

Card SDS5 of the "System Design" stack.

Read the text carefully. The focus of this card is the pI’CdlCthll of
vapor concentrations and removal rates as they change with time due
to composition changes. It is important to try to understand the
concepts introduced in this card. For more information, read the
reference article contained in the appendix. Click on the "Do a
Calculation" button to advance to card SD6 of the "System Design"

stack (Figure 30).

Card SD6 of the "System Design” stack appears on your screen.

Card SD6 of the "System Design" stack. :

This card is used to finalize your input data prior to calculating vapor
concentration and residual soil contamination composition changes
with time. Read the instructions in the order that they are numbered,
then enter "18" for the temperature and select "weathered gasoline”
from the three composition options. Because it is difficult to present
the behavior of each compound in a mixture composed of an
arbitrary number of compounds, the output is simplified by
reporting the behavior in terms of "boiling point" ranges. This
simply represents a summation of all compounds whose boiling
points fall between pre-specified values. Presented in this fashion,
the model results can be interpreted much more quickly. Click on
the "tell me more about BP ranges..." button, read the help card,
then return to card SD6 of the "System Design” stack. Click on the
"-->Set Default BP Ranges<--" button. Your screen should now
look like Figure 30. Click on the "Generate Predictions” button

The message "Sit Back and Relax..." will appear on your screen,
followed by a screen on which the following appears:

"Copyright © Absoft Corp 1988 -

Copyright © Shell Oil Co 1990 '

HANG ON ---- YOU WILL BE RETURNED TO HYPERCARD...

# OF COMPOUNDS IN LIBRARY = 62"

Then card SD7 of the "System Design"” stack will appear as shown
in Figure 31.

30




- HyperVentilate Users Manual -

Critical Volume Calculation...

pically observed I ventng QC!?C,("=0) . % Remoxlrgt[l]
. Opemtions. 7 Weatered Gasoline |
The results are plotied in this way © 1 To;zr:.fismn content| 0
emphasize that the degree of C(+=0) = 222 mgil
remediation that can be achieved by 60
ventng depends mainly on the .01
volumne of vepor extracted divided =40
by the initial mass of residual
hydrocerdon. For the example 001 — P
pictured at the right, epproximarely
100 liters of air must be withdrawn 0001 0
from the subsurface in oxder ¥ g 6 M lﬁG D 260 R 300
remove about 9096 of a single gram [T¥
— QUm(t=0) (/g)
Return to Design 3. Do aCalculation

¢
b

Figure 29. Card SDS of the "System Désign" stack.

timl Voiume Temperature (°C)

Predictioans. ..  commmian  [— O Enter Distribution
Simply enwer the wmperature at @  composition O “PFresh® (':'asolineT ,
| e right;;and then specify the " (choosze ons) — @ "Weathered" Gasoline §
| composition of your contaminant. CViev Distibutons ) i
8| 1f you are unsure about this, click c . :
on the "About Composition..." , _ . -
button Jocated at the lower right. @ ("" Set Default BP Ranges <— )
—— . |Reiling Point Range 1.1 -50 ltol 28 1 C}H
| | The model returns output that €|  [Boiling Point Range #2| 28 -|to]| 80 | C
allows you © dewrmine | Boiling Point Range #31 80 |to] 111 | €
residual amounts of H H |
» Boiling Point Range #4{ 111 |to}l 1441 C
compounds falling within S Boiling Point Range #5| 144 [tol 250 | C
boiling point ranges. Type in ) :
your own ranges, or choose C o~ -
| e defouts varues. @ &gqerate Predlctwns]

JR_E sDs {2 1 About Composition...

Figure 30. Card SD6 of the "System Design" stack.
N
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Step 10: Location:

Action;
Result:

Step 11:  Location:

Action:
Resuit:

Step 12:  Location:

Action:

Result:

Step 13:  Location:

Action:

Result:

Step 14:  Location:

Action:

Result:

Card SD7 of the "System Design" stack.

Read the instructions, then click on the "-->Import Data<--" button.
Your screen should look like Figure 31. The table in the lower part
of the card lists model predictions: vapor concentration and residual
soil concentration (expressed as a percentage of their initial values),
as well as the composition of the residual (expressed as a percentage
of the total for each boiling point range) as a function of the amount
of air drawn through the contaminated soil. Note that as the volume
of air drawn through the soil increases, the vapor concentration and
residual soil levels decrease, and the composition of the residual
becomes richer in the less volatile compounds (BP Range #5). In
the upper right corner of the card are displayed the saturated, or
initial, vapor concentration and the minimum amount of air that must
be drawn through the soil per gram of initial contaminant to achieve
at least a 90% reduction in the initial residual level. This value is
used in future calculations as a design parameter.

Card SD7 of the "System Design" stack.

Click on the "Return to System Design" button

A dialog box will appear asking: "Transfer Critical Volume Value?".
Click on the "Yes" button. You will now be prompted by another
dialog box asking: "What soil unit # is this value for?". Enter "1"
into the appropriate place then click on the "OK" button. You will
now be transferred back to card SD3 of the "System Design” stack.
Note that the value "128.48" has been entered into the "Critical
Volume of Air**" column for the medium sand soil unit.

Card SD3 of the "System Design" stack.
Enter "128" into the "Critical Volume of Air**" column for the
clayey silt and fine sand soil units. For this example problem enter
"100" for the efficiency in all three soil units
Card SD3 should now resemble Figure 28. "

£
Card SD3 of the "System Design" stack.
Click on the right-pointing arrow at the bottom of the page to
advance to Card SD4 of the "System Design" stack.
Card SD4 of the "System Design" stack should appear on your
screen.

Card SD4 of the "System Design" stack.

Assume that you wish to remediate this site in 180 days. Enter
"180" in the "Time for Clean-up” column for each soil unit. Click
on the "Update" button.

Hyper Ventilate calculates a rangc of ﬂowratcs to a single vertical
well, then uses this value and other input parameters to determine
the minimum number of wells required based on two approaches.

v




- HyperVentilate Users Manual -

Tb read about these, click on the "Number of Welis" column
heading. Your card SD4 should resemble Figure 32.

1t is important to recognize that model predictions are intended to
serve as guidelines, and are limited in their ability to describe
behavior that might be observed at any given site. One should use
all the information available, in addition to idealized model
predictions to make rational decisions about the applicability of soil
venting. ) ' . 2

You can read about the effect of venting at this site in the article:
"Soil Venting at a California Site: Field Data Reconciled with
Theory", by P. C: Johnson, C. C.-Stanley, D. L. Byers, D. A.
Benson, and M. A. Acton, in Hydrocarbon Contaminated Soils and
Groundwater: Analysis, Fate, Environmental Health Effects, and
 Remediation Volume 1, P. T. Kostecki and E. J. Calabrese, editors,
* Lewis Publishers, p.253 - 281, 1991. .
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? (@ ( _--> Import Data<-- ) Saturated Yapor [mgiLj

Concentration at ime=0
FIRST PRESS THE IMPORT Min Yolume w Remove [ 13546 [L-sirig-
DATABUTTON! >90% of Inftial Residual : residuat]

Temperatuye {°C): 18 I

Contminant Type: | Weathered Gasoline |

QUM(0) Vapor Residual | BP#1 BP #2 BP#3 BP #4 BP &5
L-air Conc. Level Residual | Residual | Residual | Residual | Residual
g-residual | {98 Initial) [98 wwl] | [$%6oml] | [96vwl] | [96 0] | [9%6 oul]
.00 100.000 .690 11.650 24.010 22.140 41.510

.24 75.062 123 9.263 23.982 23.000 43.632
.57 58.631 .0ca 6.755 23.474 23.820 45.950
.98 48.078 .000 4,512 22.403 24.57T7 48.509

Thase are the results for the

1.49 39.390 .000 2.632 20.771 25.248 51.350
2.11 31941 .000 1.222 18.503 25.766 $4.509
2.87 25.916 .000 .385 15.556 26.031 58.028
3.81 21.150 .000 .068 12.053 25919 61.959

Return to System Besi g

[ Launch Excel

Print Card J

Figure 31. Card SD7 of the "System Design" stack.

. De'lgn lnp ut Parameters... Note: - click on sny wble heading © get more info
Pleass enter (1) the desired time pexiod for - vse Wb key © move between cells
[l remediation, (2) the design gange vacuum, and

| then (3) click the “updam” buton. ®

® @ Mintmum Number of Wells

. Time for | Design | Flowma® per Vepor B
Description of Chan-uwp | Vacuum Extaction Well Based o1 Based oa Critical

: ) An Volume™*
Soll Unit [days] | (inH20) [SCFM) *

180 4] 38.4 384.4 0.2 0.0
180 -] 0.0 0.2 0,21 643
| Fine Sand 180 4« 1.9 19.2 0.2 35 :
NA NA NAl __NA NalE
NA, NA NA NA Nail
NA. NA Nal. . .NA NAIE
NA NA NAl _HA NalE
NA NA NA Na NAIE
MA - not enough inpus data " minimum volume of vapor required to achieve remediation l

Clear All Entries

Lo | o b -

Figure 32. Card SD4 of the "System Design" stack.
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Appendix A: "Soil Venting Stack" stack cards.







nﬁtmhl-:h: Do ok
A Practical Approach to the
Design, Operation, and
Monitoring of In-Sita Soil
Venting Systams

susion 151

®1981 Al Righes Basarmd

Kl Od Conyaay

2.8

About Soil Veating ...

[Soil Venting (ak.a “in-sitn soil

. {venting”, *vacuam sxtraction®, &
“in-situ vapor extraction’) is

. |rapidly bacoming one of the most
for parmesble soils contaminated  E
with reiatively wlatile -
hydrocarbons.

The underlying phenomema that
influance the success of any soil
vending operation are easily e
understood. By spplying s vacuwnn B

Leak or Spill Discovered...

In the following cards we will assume
Malmtonpllluhmw

|Now wa will step through a logical

card displays the flovchart that is the

that saction of the stack dealing with
that aspect of the thought process.

"Soil Venting Stack” Cards A1

‘This HyperCard Stack wes created to help guide envirommental scientists
through the thougtt process tecessary 0 decide if and how soil venting might
e appliad 4o remadiate a given site. The organization and logic of this stack
follows the paper:

“A Practical Approach to the Design, Oparation,

and Moniloring of In-Sita Soil Yeunting Systsms”

by

P. C. Jokasoa, C. C. Sualsy, M. W. K ,3.D. &D.L. Byens

published in Grourd Waser Monitoring Review, Spring 1990, p. 159-178

if «t Giils pains you 40 not fesl comforubls with the wse of the butinys, please
click once sa “1" for mo= iufo ou te machaxics of this smck ..

In-Situ Soil Venting System Design Process
Slock in this diagyam © gst mozs infoxmation ebowt @al partcules swp. Or you
#H-n-ﬂhwumm box, oF Ge

Preliminary Site Investigation

thought process 10 decide if soil wenting {8
is appropriate ot this site. The previous ¥

Whenever a s0il contzmination protiem is detected
or suspected, a site investigation is conducted to
characterize and dalinsate 1he 2008 of soif and
groundveter contamination. in general, the site
characterization is conductad in two stages. The
emergency response and ahatmment phacy assesces
the immedizte impact on potantial hurmnan and
environmentsl receptors, and is condurtad in a
relatively short period of time {days). A detailed

basis for the thought process. Clicking |
within any process box will take you to §

site charactarization them follows. Its purposs, like

the emergency response and abatement phase, is to B
datermine potential migration pethways and assess
the environmental impert associated with present [

'With any contmminsted tite, ons should

explore the fersitility of ail treatmert Ly

processes. Aftar compiling a list of
alternatives, salection crileria

(cost, spoed, permilting probems) shouid 8

be astablished, ard then the final
choice(s) made.

Soil Yenting is most likely 4o be
surcessful when soils are sandy and the
contaminant is volatile.

Other options are available, hovewr,

Iz Venting Appropriate?
M]. This

At this point e will procesd through a
simple thought process o decide if soit
wventing is a feasible alternative. As
‘mentionsd easlier, thnhnlmhclonm 4




"Soil Venting Stack" Cards A2

Flowrate Estimation:
O Matium Ssnd

Vapor Concentration Estimation:

® Fins Sand The szizmem: achieveble removel |
O Silty Sand Taie ccours vhenewer he vapors
O Clayey Silts mwm“-w.
QO Input Your Own Permsability Range or in equilibrium with the
Permsahility Range contaminant/soil matrix -
o [ © In the next card you will estimaty
Well Radius T2 im 1] lllmoomaion
Radius of Influence [_40 It o of your cotaminent Just follow
Interval Thickness® [ 656 It (™ the instructions in the upper left
o corner of the next card.
(T —>Calculats Flowrats Ranges<— ) ®
o

(@) Type in Tomparature (°C) (it <roturn>)

Click to Entar Composition of Contaminant O Enlter Distribution
or O “Fresh® Gasoline
Choose one of the Defautt Distributions @ “Weathared™ Gasoline

(3) Click  View Distributions, (optional) (Vi Diswributions )

Removal Vapor x  Yapor

the vapors removed by venting |§
i  Rate Concentration Flovrate

are “saturated” of in
equilibrium with the
contaminari/soil matrix. We cakuiny Gds “meximen” mmovel ik © dsRImioe
#f, oven under B best conditicns (sevvamd vepors &
B0 COTIpORiion changes Wikos), venting can meet
J0uz needs.

The "Removal Rata" is simply
the product of the flovrats
times the vepor conrentration.
The veluss you input on Cards
8 & 10 will be wud 1o genorate
removal rute estimadag.

ClieX om % butina oW © grosms Sew wines...

®lw/d)
O lIkg/dl

results of smnpls model
predictions, for a westhared
goecline szmpis.

The vertical axis represents
either normalized
concentrations [C (t)C(t=0)]
or norpmlized removal rates
[QC(YQC(=0)], while the

100 200
QuUm(1=0) (Vg)




"Soil Venting Stack" Cards

‘_ @(-;MMIqu
iling Poigt Range #1] -50 [1o] 22
] 20

1
144

144 180
‘ Generate Predictions I

Zofl Type:

Wall Redins [iok

Est. Rading of Infinence [t):
Pumeabls Zoos Thickness [R]:
Flowns pst Well (120" Vac) {8CFM)
Fowne per Well (120" Yur) {SCFM|
Min, Yol of Al [Lg-residual]:
Estimand Spil Masa:

Desized Remediation Thns {days|:

A by WPV 5

OCSTmporibatai—) summatvaee et

PIRST PRESS THE INPORT
il | o A e
DATA BUTTONY v 2908 of wal [120.48 . ] msiioal}

These we ke msuln for Qe
{conmminatst type St you heve

QU0) | Yepor | Basidual
Cunc. Lewnd
Tesidual | [%6 )

100.000 | 100.000
75.062 | %5.000
$9.631 | 0.2
«|ae
3.0 | a0.04
31.941
25.916

The fuce 1 difficait , and
Tamly cozdarns % o Roton of & “sadbax”.

Therm e turee general chaws of sitaations Gt
will cxuse venting mmovel Ies © be less g

€03 pradiced for e el came. Bach of Gese an - ; -—
disruzsed tn "A Prctial Appmech © s Design, = m% =
Opemtion, end Monitoring of ta St Soil Yenting -

Sysems®. Toucan larh mon ahout sxch by ( Dilution Effects )}
elicking on s Yeitons © e right.

iquid Layers

In sddition, when oconmminenss e locawd cloge © C Liq )
ooud wast, e affect of €2 vacuun an Ge P =Y .
‘wahr whis level can zignificendy tnpact a venting F Lov ty Lenses )
syen's pdorzarce. To lsem edow @ds, click
oa e Crmund Wiz Upwaling” bumon,

( Ground Water Upwelling )

Fiold Tests
Prior o the design of an in situ soil
venting system, it is desirable o

addition, if 2 groundvater pumping
system might be installad, then -
aquifer characteristics st also be
detarmined.

Click op the buttons o the right o
learn abowdt these tests, or 1 analyze
data that you have already collected.

System Desiga. ..

For %e sysecs design poess, you shoull azsembls @s following formation:

» sits plans (showing sebswmiters utilities, wnks, sTIface SUTETRD, €.)

*plos of tw (peologic s> , warT nhle Taps, and 30 bacing sad GoUMd varr
ampling tesnl)

-mm(axmmw

= it prrmeahity st das (permendility valuss & Tepox comcentations)

» apEifer chancaabtics (Tound wawr pradient, aquifsr permsebidity, o)

Cwr's Buvin

A3



"Soil Venting Stack® Cards

System Desiga. ..

At the right is a Jist of the componenis
of a vunting system design  Click on
onach 1 conduct the indicated phage of
{he dasign process

Remember: Itis 2otour ixnation © genvils a
genazic Tacips for VarwER SXEACUOR SYFUTR
devign; inswed we suggest & bilowig e e
swucwmed @ought peneass. As you shall see,
even i @ FERCNd Towght process, Intalion
end =y ms. Tham o
20 subotint L a good fendamenil
endersmading 0 Yedor OV JUOcsIIS,
tuaspont phennmens sad poond wamer fivwr!

Frait's
Swvis Rstive

Target s0il clean-up lavels ave .

often: sot on a site-by-site basis, Ty
and are based on the estimatod nreneven

potential impart that any

residual may have on air ‘ .

quality, groundweter quality, or | ) Cumulative Amount Ramoved
Q) Extraction Well Vapor Concantration
O Extraction Wall Vapor Composition

O S0il Gas Data

System Moaitoriag. ..

The performence of a soil venting
system mast be monitored in order
%o ensure efficient operation, and
‘o halp determine vhen to thutt off
the systern.

At a minimam, the iteros listed to
the right should be meesured.
"Click™ on any ons 10 get more

N

) 3

W 4
y 4
X

ODats and Time

O Vapor Flow Rates

O Pressure/Vacuum Readings

O Yapor Concentrations & Compositions
O Temperature

O Walar Tablo Laval

O Soil Gas Concentration & Composition

FEconomics. .. 0 “Click" on any item below (&

hold button dowu) o see costs

For typical servica station sites,
clean-up costs can range from |,
$100K - $250K for the vemting
operation alone, depending on

associated with that ilem.

?:

A4
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Appendix B: "Soil Venting Help Stack” stack cards.







*Soil Venting:Help Stack” Cards

Ficlds
Ficids may comtain information, or they may be

Butons have been placed in each
» place for you to input numbers,

card. Clicking on any button will
perform an action, such =

‘ Go Home tn fine

card in Venting Stack
[=3

Go © vextewrd
@ Gow Folp card
Printessdor
et Beld -
Paform « Cacalaien
4 Whmwmus.clmkmSymhok
Pictures or Text,

Scrolling Fleld:
Click on arrows  move
At 2D or dawn
Boxed Data Field:

‘When you sce an I-beam
in 8 boxed Enter Numbez in Baz

This is the decision process that onc must follow to:

1) decide if soil venting is applicable at a given site

& .

2) design an effecive soil vu::m; system

Itis an nbnd;ed version of Figure 2 in “A Practical Apymnch 10 the Dasign,
Operation, & Monitoring of In-Situ Soil Venting Systems", by P. C. Johnson,
C. C. Staniey, M. W. Kemblowski, J. D. Colthart, and D. L. Byers. -

.

Process Description
In s thermal desorption treatment

| process, soils contaminated with
volatile/somi-volatile organics are
heated, and the volatilized
conaminants are stripped with air,
steam, or combustion products
(bumu fluc gases) at relatively

d with 2y

incineration (ZDD-SOO'C vm
1000-1200°C), The desorbed
ofganic contaminants are

Procesz Description

Conposting is #n shove-ground soil (£
management technique in which .
amended £0il, containing organic “
‘wasies, is placed in large piles and
scrated. The acration enhances
microbial degradation by providing E
|oxygen to the soilwaste. With * [

time, the decomposed waste is
reduced in weight and volume, and
the process produces a stabilized,
mndled lmmhkemnmnl

o Amtinatamd

Mowe information sbout soil veating can v found i the following srticles:

ILC.MyndO B Hoag, wmelumMWndw
md

P. CJMM.W Kemnblowski, st J. nmmwmwt«s«l
Venting Ap jons, NWWA/API Confi  fx Hydmcart
nw-nr,ﬂmm,m 1988,

N.J. Hucer, B. E. Muypby, wd J. S. Gierke, Stae of T
Symm USBPA, CR314319-01.1, 1988,

D.J. Wilson, A. N. Qarke, mnd J. K. Clerie, Soil Clean.up by in<ite Acration. 1. mwﬁd

Maodelling, Sep. Science Toch., 23:991-1037, 1948,

"
More information about gite investigation and remediation can be found in the
following articles:

API Publication 1628

American Petrolcum Institute, 1220 L Streer Nonhwsz. Washington DC, 20005 .|

Process Description
Incineration, or the thermal

destruction technology that can be
used 10 treat soils contaminated with
& wide mnge of hazardous organic
wages. Comammnad soils,

chamber
(rotary kiln, fixed hearth, multipic
hearth, fluidized bed, liquid

Process Dﬂériptlon

“Landfarmiing" refers to the
pnaweoftptudm;otgmwwm
over an area of land, then relying  Fey
o natural microbial action to
degrade the waste, It is a widely N
accepted and cost-effective practice B
for the geatment of petroleum £}
hydrocarbons, chlorinated- *
compounds, and pesticides. In this
process soil-amsociated
microorganisms (bacieris and

B1




Help: In-Situ onstunulauon

Pnau Dcxcdpdou

Treatment of groundwater and soil
conmmmm below the water table | )

("satursted zone") by in-sita
biostimulation involves the addition §
of rutrients and/or O2 (usually as
H202 or liquid O2) 10 an aquifer i
order to enhance the degradation

microbes. The nutrients and
oxygen arc sdded shove ground o K

Process Description

“Solvent extraction” is the process
by which contaminants are removed fod
from scils or siudges by mixing
thern with a solvent into which the
contaminants preferentially
partition. Which solvers. is used for
any particular treatment is very
dependent upon the type of
contaminant present in the soil.
The solvent should have s high
affinity for the contaminani(s) of

K:kM

#1,0
where: &
§ = acoaleTation dus © gravity (960 cis?y &
Jo = viscostty of waay [0.01 glemes) s
Pap = tanalty of wamr (1.0 gn?) 2
o &
oanl

o5

-Clsen Sond-

~Grever—

Ve

*Soil Venting Help Stack* Cards

[

w?
10!

"10°

10!

Process Description

Stabilization and solidification rre
treatment processes designed 0 1
cither improve wase handling and 54

<an leach, or limit the solubility of
hazardous constitaents. When
discussing this technology, the

it genexally provides good

DRRNEREONIE
slejslslalslelele]
o[ 1 lo] [ lo] (o]

mmum-uumm mmmnwnmumw& Whils
- .

hythwwyd&evﬂmmm Inyp

for vigar (h

the

u.dmhnnei

Q.

l)&uvﬂudw#‘ ductivily orp bility 1o be
2) Chooso initia) wnits

33 Choose final mxiss - {click for each calculationl)

i et
with Gw acil peomeshiliry, va«yhyswnlumd g0

2
gkp (1~ Pam/Po) ]
H B 1o (Rey /Ryg)

x -nﬂMnﬁﬂvz[m’]u[hmﬂ
B = viscosity of air w 1835 10 g/oru-e ov 0.018 cp

P, = sbeoluie peeesure at extraction well {g/cm-#3] o (atm)
By * stwolue ambicn: premure = 101 2 10%gkm o2 or 1 wim
Ry = radiv of vapor cxuraction well fom)
R, = radive of influcace of vapor catraction wel [cm)
H = thickncas of weil saoen intorval, or pormeab

00i] 2oos (choass szalicet valuc)

Vapor

Mass Molecalse Pressare
Compound Name Fraction Weight (3} @[ Z¥]'C
1 |propane 0.00 44.1
2 {isobutane 0.00 58.1
3 [obutane | L 58.1
4  |uans-2-butenc 0 56.1
5 |cis-2-butene [} 56.1
§  [|3-methyl-1-buténe o 70.1
7 |isopentane 0.0069 }722
3 |)-pentenc 0.000S 70.1
9 }methyl— -butene 0.0008 {70.1
10 [2-methyl-13-butadiene 0.0000 68.1

B2

e~

-
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b ,. y
o o .

Baling Vepor New Vipor
Mokecsim (G (C) {Am) (Am) Mass Fraction Data
# Composnd Name v::.:u @1 @T: 4" = Al “Preab® “Weatcrd'

Acmlmﬁumnmdﬂmﬁmhfoﬂoﬁng:

Subsurface Characteristics Contaminant Delineation

a1 larles 8.5
581 |12)293 |23
581 |-t J2r |2
s61 i1 [i97 |197
6.1 {4 |t19 s
704 |2t |06  jo.ss
722 |28 |68 {0
704 |30 |07 0.7
70.1 |31 Jos? o7
10 e 68.1 134 Joss  loss

« extent of freo-phusc: hydrocarbon ;

» distribméion of conmeninant in vados: zone 3

A ility enti i = disgibation of ineni d 2000 4
] + exwal of soluble contansinant plume s
6

?

L)

9

-» composition of conmminant
« il vapar concentrations (optional)

'p:; De: bm' posis of

Madlealsr {C)  (Atm) Salubility Di cri (sach as gasciine) st atb okl 1
# Compound Name w‘;.“ @l @T' mmumdmmywn 1
i F7Y] :::u.m u:w P <an be
2 584 wihvey & o
3 58.1
4 56.1
3 |a 56.1
6
7
L}
9

Tod ine s ApprOxi istribution, onc must
mummwpmmp:phacndm
Prior o the saalyscs, chooss aboul 6 - 10 marker
compounds whose praprtics are well knows. Ofene
neries of strwight chain alkanes {n-butane, n-pentenc, g
{o-bexane, etc.) is chosen. Then the unknown mixeure is
smalyzed, sl e srees of sll peaka eluting besween the
reantion titaes of two known peaks s semaned md

70.1
72
70.1
0.1
10 i 68.1

In this estimation of equilibrium "y PYM
(satursted) vapor concentrations, = Z X Ty M,y
we that the contaminant  J priry RT
concentrations are great enough
(>200 mg/kg TPH) tat it is
disributed berween vapor,

= totsl vapor concontration ()

sorbed, diszolved-in-soil- & = pumber of componenta
moisture, & free-phases. In this | = mole fraction of camponent |
case, the equation at the right g3 = vapat pressire of component i fatm]
applies (look for “Racult's Law* }33 = molecular weight of compooeat { {mg/male}
& the “Ideal Gas Law” in any B = Univemal Jts Constant « §.0823 J.s/K-mole
thnmndymmm textbook for  Eod = xbaolnte gmperanye (K] = T(C) + 273

). Wedo =

- B0 ] OV B T A e

<

»
vaporflow §
Top View

mﬁ;m:mmmmwmqum “bypass” zones of
comamination, and therefore the vapors removed from the extraction well |
wammofdnvwobnimdﬁombuhwmwdmclnn :

n Figure 6b, vapor flows paraile] W, but not through, the zone of
contxmination, and the significant mass transfer resistance is vapor phase
diffusion. This would be the case for & layer of liquid hydrocarbon cesting on
top of sn impermeable strats or the water table, This probiem was studied by
Johnson et 2] (1988 - NWWA/API Petroicum Hydrocsrbons Conference) for

Shotv Me Equations
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Help: 6c) Low Permeability Lenses Help: 6c) Low Permeability Lenses - Equations

In the situation depictad above, vapor flows past, rather than through the

contaminated soil zone, such as might be the case for s contaminated clay lens

xmwdedbymdymh hmnmvapwm:mhwghﬁwdaymuz
; !

Help: Default Boiling Point Ranges ’

The Fortran program HYPEVENT will report residual ievels of compounds
falling between user specified boiling point ranges, The default values have
been chosen so that residus) levels of compounds with boiling points between
the following ds are d i

k4 [ ciater &

Propane - Isopentanc (-50 o 28 C)
Isopentanc - Benzene (28 to 80 C)
Benzene - Toluene (80 - 111 C)
Toluene - Xyleacs (111 - 144 C)

Xylenes . Methylinapthalene (144 - 250 C)

}

Help: Boundary Layer Equations - Calculation

(1) Soll Type {choose one)
OMctiumSmd O Clayey Siln
QO silty Sand ® Pine Sand
O Ioput Your Owa Parmeability Rangs

E13 10 30 [dareys]

Just enter values nto the
appropriate ficlds, then click on u
the "calculate™ button.

The "Relstive Efficiency” is the
ratic of the predicted removal

Rea » u(ﬁd&f)»\,g!.___e& E';i-n B~ 1/%:7_ T‘:

Derivations for these
oquations are given in

Approach to the Design,
Operation and Monitoring
of In Situ Soil Venting
De = cifective soil vapor dffosian coeficicat [w2M] | Systems” - 1990,
Coug = it waidual level of contaminare in sod) [mg/kg]

P Sy Y D) These Equations are valid

for single-component

Johnson, et al - "A Praaical f&

Let's Do a Calculetion

Rew = NQCe
1 ~ 2 (60 ) “aRyRe Y Pam - P} - R

The equation above
cstimaies the removal

rate from a layer of

liquid product by &

single well, based on a i -
Boundary Layer Theory b5
approach to the

problem. It is not

directly applicable to

= catimaled removal raze

= efficiency relative to maximum removal

= cffocuve sail vapor diffusion cocfScient (an/s]
=viscosity of air = 1.5 2 104 gion-s

= s0il prrneability o vapor flow [cmn2]

= thidmess of saveacd inerval {om]

= radius of influcnce of venting well [em]

= venting weil radius (cn}

= shealuk smbicnt preasure = 1.016 x 106 g/an-&2
= absalu preasurs & the veating well [phm-42}
= defincs fegivn i which contamination is prescnt

@ Process Variables:

thicknoss of acrecned ierval [fi]
radios of mfinence of veating well {f)

radisl width of contaminaed 200c

: @ { -->» Calculate <-- )

During venting, the pregsure
within the radius of influence of
mevtpclemlaionwdlu

ed, duc 0 the app
vacuum. ‘This lowering of the

affects the groundw

levelmths:ouc,mdan
“upwelling”, or local rise in the
water table will occur.

‘The local water table rise can be
a3 great as the gauge vacuum
pplied st the extraction well

rate to the remaval rate that
would be obtained if the extrac
vapors were saturated, of in
equilibrium with the liquid

mixmres, becausc it

--> Calculate <--

]
Removsl

Time Rate
(days) (kg/d)
Contaminant Properties: A oy

[BA24%0] conmminams molecular weight [phncic] ngn'ﬁsqu
contaminant vapar preasire (mm Hg)

wmpersare (C)
© use valucs already input from Card 10

Relative Efficlency =
(%)

Just cnier values inm the appropriste ficlds, then

dlick on the “Calculaw® bution. g

|should be recorded along with any

Generally, the DATE and TIME

| nearest minute should be sufficient.

that is made. Given the
time scale for venting-reisted
processes, recording the time to the

Sample devices are Rolex watches,
hour giasses, sun dials, and imezs.




Vapor flow rates from each
extraction well and into any injection
wells should be monitored.

Sample measuring devices inchude
pitot wbes, oriface plates and

‘.

rotameters. It is importan 1o have
calibested these devices at the field
operating pressures and temperatures

The vapor concentration and
|composition from cach extraction
well should be analyzed periodically.
‘This data is multiplied by the
exmaction well flowrate (o calculate
the removal rate (i.e. ibjday), and
cumulative amount of contaminant
removed.

T A

By iself, vapor concentration data
does not give a complete picture of ﬁ%
the system's performance. Decreases 5

near the groundwater table (within 3
water table level to ensure that

vapor flow, Measuring the water
table Jevel during venting is net a
trivial task because the monitoring
well must remain sealed. Uncapping

effect that it has on the water table .
fevel.

to 5 f1), it is impostant to monitor the BX3

cortaminated soils rerain exposed 1o §

REMOVED

is determined by integrating the
dr 1 eates (£} x
concentration) with time. While
thix value indicates how omch
conmminsnt hes been removed, it is
usually not very useful for
determining when to take
confirmation borings unless the
original spill mass is known very
sccurately. In most cases that

*Soil Venting Help Stack” Cards Bs

Vapor Flow Rates... ‘

Pressure/Vacuum Readings...

Pressures/Vacuums should be
messured st cach extraction and
injection well. In addition, subsurface|
| pressure distributions (messured with
| vadose zone installations) are useful
for determining the zone of influence
and vapor flow paths.

EAREAN

‘The soil and ambient temperatures

can have a significant effect on the =

| performance of soil venting systems. £
'The s0il temperatire affects the §
COntaminant vapor concentrations,

while the ambient temperature 1
controls whether or not condensation, £3
or even freczing will be significant. |
For future reference, therefore, it is
uscful t6 record the ambient and soil K5
emperatures, T &

o

Soil Gas Concentration & Composition...
1

These should be messured

periodically a1 different radial

distances from the vapor exiraction [
well(s). Data from s0il gas sampling

is valusble for three reasans: g

(1) by comparing extraction well
concertrations with soil gat
concentrations, it is possible to
estimate the fraction of vapor that is
flowing through the contaminated
zone (i.e. the “efficiency” of

EXTRACTION WELL VAPOR
CONCENTRATION

the vapor concentrations are good
indications of how effectively the
vemting system iz warking, but 2
decreascs in vapor extraction well - F53
concentrations sre not strong :
evidence that 50il concentrations

be due 10 other pheniomena such as
water table level increases,




Extraction Well Vapor Composition...

[EXTRACTION WELL YAPOR
COMPOSITION

when combined with vapor
concentrations this data gives more

insight into the effectivencss of the
system. If the total vapor
concentration decresses without 3
change in composition, it i
probably duc to increased mass
tranafer resistance (water table
upwelling, drying-out of low

SOIL BORING DATA

Generally confirmation 50il borings §3
are taken once ¢ system is trned |
off, and these are often anatyzed for B3
TPH (1atal petroleurn b
hydrocarbons) and volatile

One should keep in mind thar TPH E4
results can ofien be misleading, 3
since they reveal nothing about the |

composition of the residual or its

"Soil Venting Help Stack® Cards

SOIL GAS DATA

it yields information about the
residual composition and extent of
cantamination.

'Vapor concentrations can not, in
general, be usod to determine the
residual level, except in the limit of
very low residual levels (when
vapor concentrations are

voortional to soil residual levels).

this data is the most useful because -3

Soil Gas Data...

Soll Gas Monitoring
Instailation Results

Barizg TPH BTEX
Location mgAg] [mp/kg)
Befom
B-1 1200 20
32 14000 120
B-3 8600 400
Afex
B4 20
B-S5 120 0.3
Y 3 ND
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Appendix C: "Air Permeability Test" stack cards.







"Air Permeability Stack” Cards

Air Permeability Tests...

‘The purpose of an air permeability test is
t oblain site-specific data that will be
used in the final system design. Itisa
way 10 verify that venting is an
appropriate remediation technique for
your site.

[ Show Me Set-Up ]

[ Test Instructions ]

In particular, metypmllymum;nn

( Data Anaiysis J

Instructions

1)
Tdentify £0il zones 1o be treated. . ( show me sample daa I

Air Permeability
Test Set-up

2) ‘ _. Pore Volame Estimation:
Install vapor extraction well(s) in this |
zone(s). Existing moniwring wells Enp : .

: 1) Sail Layer Thickness {ft}: ]
may be used, when the screen interval | 2)Exi 4 Radius of Inf} iy

ealcods only into the zont 1o be 3) Alr Porm. Test Flownaee [CPM]: |

d. Notethe well

radius and borehole size. Insure that
Y | Pose: Volue: [15563 | o3
A |Time w Exumcta Pom Volume{0.72_ |dayy

the well is not "connected" 10 other soil £
zones through the borchole (use
grout to seal snnular boreho

in “A Practical Approach to {33
the Design, Operation, and [
Monitoring of In Situ Soil *

Air Permeability Test - Data Analysis

The expecied decrease in subsurface pressure (increase in gauge vacoum) P is
predicted by: {sec Joimeon et ) {1990] for dexivation}

= Q *
P'(l.',t —-4-—-———“—)- e .x dx

Ty =

Pt = gMgE vacoum
@ =strauy Gidgs
: -ndnld:-hncn:a--dl
X =gl
B -mﬂmno.ﬂl-pu-

= wir-filied void fraction

Air Permeability Test - Data Analysis (cont.)
The permeability, k, can then be calculates by one of two meahods:

G) The first is applicable when both Q (flowrate) and m (well screen interval) are
kny ly. The calculated siope A is used:

.01
4Anm

@Thz d spproach is used wh Q or m are not known with confidence.
In this case, both the slope, A, and intercept, B, are used:

.gb'—“—
x 4P‘_uaum+§.)1

Air Permeability Test - Data Analysis {cont.)

| For (¢2 £ M4 X Para t) < 0.1, the govamning equation can be spproximated by the

expression:

. Q1 _inpEen
P (-0.5772 Tt =

4mm{kin)

This Equation predicts that a plot of P' -vs- In(t) shoyld be & suraight line with slope
A and y-intercept B equsl to:

- 9 -9 Rep
A 5 ° {05772 ey

Air Permeability Test - Data Analysis (cont.)

Bomrosdial o= [T53 ] =322 m

(min) _ {in H2O)

o —

(min) (in H20)

k= dwcy(A) k=
-d-rem) =

C1




"Air Permeability Stack® Cards

Air Permeability Test - Data Analysis (cont.)

‘O the proviows Card (APH), fhe $ats you mpuk werd £l % (he Spproximals CRpreasion given oo Card
APS. It was acalymnd neing both methods described ov eard AP7, if you input vaines for the
exizaction well Nowrse () sd the satum tickness (). Delow cach coiumn of dam, the two

calculated permesiility valuos are denowd by:

dwrcy(A) - refenm 1 cakculstion methad 1 (e Card AP7)
darcy(B) - refers w calcniation method 2 (s Cazd APT)

“currcdatios coctficicnt”, ¢, is 4 moasgre of bow well
e data conform to the theostical curve. As 7->1, the
datm points ol fall om the thoseetical amrve, As e right

Corwlation Coef.
)

datz gt 31
dan i 2

03 [FoD |

c2
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Appendix D: '"Aquifer Characterization" stack cards.







Aquifer Characterization® Stack Cards - D1

5

Aquifer Characterization:

'To achicve efficient venting, the
hydrocarbon-contaminated soil must n
be exposed 1o air flow, therefore, in
most cases where the residual sail
fcontamination lics close to, or below,
the sairated goil zooe (groundwater
able), it will be necessary to
incosporate a groundwater pumping
system in the vapor extraction system

Aquifer Characterization:

These parameters (K and S) can be estimated using the results of s standard ransient
groundwater pump test with a consusnt pumping rete. The resuits arc then compared
against sandard “type curves” for specific aquifer sitvations (i.e. leaky, unceafined

P:unhc "References” buton below for more information on slug tests, bail tests,
pump tests, and data snalysis. -

Aquifer Characterization:
Since most venting systems are installed above "phreatic aquifers” (aquifers with
unconfined upper surfaces), the two primary aquifer parameters needed for design
are: .

K = hydraulic conductivity

S = effective porosity {(or specific yield)

The first parameter represents s convenient combination of the fundamentat
parumeters: pesmeabdility, density, and viscosity: :

-kpg
K-

where:
X sili
£ = fiuid denaity
& ® scceleration due © gravity
= viscosily

3. Bear, “Hydraulics of Groundwaler, McGraw-Hull, 1979, ISBN 0.07-004170-9,
p. 463 . 490.

R. A. Freeze and J. A. Cherry, "Groundwater”, Prentice-Hall, 1979, ISBN
0-13-365312-9, p. 339 - 352







- HyperVentilaté Users Manual -

Appendix E: "System Design" stack cards.







"System Design® Stack Cards E1

Number of Venting Wells... ‘ ] (gfﬁgﬂ llll:lll o ot ot m ® Bl

— - e i i you prefr QO [1b]
3 Picase cart the mquird mloamation for cach disting soil

proceas wed pasviously to dekcrmin f . Rimation. . . j by, click on the “Updare” button, aad thes proceed
venting is SPRTOPEIAIS AL & given Kim.

Just proceed © follow the strps dictarcd on
e following cards-->

o 1) 300 34 R 2 0

: en lnpu‘ Note: - click on any tabis heading © get more info
( Plcass enker b requized information far M.ll_lt(l)hhffedhepuidh ~Illllbhy.bnmhmnanzlh
cach distincs sai) lyer, xd thea proceed remodistion, (2) the design gauge vackum, md

—— e (3) ik e “pdae” b ©]

Ny of Wells

Time for g Plowrax: per Vapor
Extraction Well

JiMetnn e, ] 10k w000l 0] e l....... 1| Mesi T )
.21 Qe S0 90144 ! 2, ! | Qavex SiK....... ... 160
.2 { Pior. Send. WUm).. .10 189

® Buter 8 shoais kom liat & wp right

Critical Volume Calculation... : g":‘;‘i .V"‘“"“ I -
redictions... . Enter Distributi
QCACE=0) : o O e Gusee.
1 Simply enler the empemne at @  Composiion O Fr soline

Weathered Gasoli the fight, and thea specify the {choosc onc) @ "Westhered™ Gasoting
“T=20'C coRnpeasition of your copaminnt. Vicw Disgibutiors

10% meisture curm If you are unsure about this, dick '

Ct=0) =222 mpA’ on the “About Composition...”
tamon locaied st the lower right. ® (o Set Defastt BP Banges < )
. Roiling.Point. Range.#1]..-50 Jtw ] 28 .
Tho model scourns ouipur toat |0 | Boiking Point. Bange. 42 1080
sllows you  deicmine | |Boiling.Poivs. Range.#3 sl A1k
rosidual anouts of 2 |Boiling.Poion Range. 84 wl.lad {.

5 oo ) H

Pictured at the right are the mauls of |4

compounda falling within 3
‘boiling pomt ranges. Type i

: 3] 144 250
QUm(=0) (i) il : @ ' Generate Predictions l

Do a Calculation

(D ( --> tmport Data<-- ) Satarated \{.p:t iment (mert} Removal Efficiency...

FIRST PRESS THE IMPORT Mia Velums to Remove W [L-sr/g- The facs is difficult to iac, md
DATA BUTTON! >30% of Initial Residus rarcly conforms % out totion of a “sandbe”.
’ ‘There are thoe gencral casses of sitoations that
Theso sre the resuls for the perate { | will cause venting removal reses © be less than
couwminsnt typs that you heve Conmminams Type: @ow prodicacd for e idcal case. Each of theae
Vapor | Residoal- BP22 | BP® o discussed i "A Practical Approach 1o the
Conc. | Levd | Romidual - Residual idusl dual | Deaign, Oporation, and Monitring of In Situ Soil
[% Initial) } {% Tnitial} [% soml) | (%ewn) | Veniing Sysems”. You can lears mose sboat (
100,000 | 100.000 11650 oach by clicking on the buttons I the Kight

75.062 | 95.000 . 9263 (
360 | %002 6.135 £ 2 En addition, when contuesinmmts wro loceed cose
48078 | 85.004 B gromd way, the cffect of the vacuum oo the ( Low Permeability Lenses ]
1935 | s0.034 wancx bio Ioved can i goificantly impect & vesting -
31.941 sysmm's paformance. To learn about this, dick
o0 e “Oround Water Upwelling® busson.

Dilution Effects ' )]

Liquid Layers ]

(" Ground Water Upwelling ] .




"System Dasign” Stack Cards E2

Help: Well Parameters : Help: Minimum Number of Wells

n;-lm‘nhhmdb-dl The "Minimum Namber of Wells™ is
#) Basnd on: Aron -

i thie sppronch we esticaame the minimum sunber of wells required
’ o provide sir flow through the contaminsted 2oee as you huve
::::f?‘“’::‘"““‘ Z definod it. 1T Rc doooms o cadiel cxxet of coctaminalion, md Ri
/ P . ;
» demoies the *radine of influence® of sn extnction well, then:

b) Bassd oty Criticsl Volnme of Vepor -
in this spproach wo dowrmine the sumber of wells required
extract the critical vohumo of vapor frowm the contaminsiod soil zone
within the dexired time freme. In this spproach:

Vaitical = critical volune of vapor (L/g-scaidual)

peramscice, and mas xporved valucs lic in the - Mupill  w apill mass [-residnal] AT = time for clean-up (d]
nge 40 - 12010 Qwell = volumewic flowrans from single well {1LA)

Vaper

Mass Molecular Pressure
Compound Name Fraction Wé.ilg)_ @IV

propane 4.1
isobutane X 58.1
n-butane . 58.1
trans-Z-butene X 56.1
cis-2-butens . 56.1
3-methyl-1-butene X 70.1
mpamne X 722

l-pentenc , 70.1
2-methyl-1-buene I 70.1
-1 diene . 68.1

e OOl O T B R D ]

-]

8.5

293
211
1.97
179
0.96
0.78
0.7

0.67
0.65

mm(m-mm‘l Renan w0 Critical Volumo Pred.

[T.00000 ] = Sum of Mass Practices

LR X

Wells should be screened only
[through the zone of contamination,
unless the permeability to vapor
flow is s0 low that removal rates

To be able to successfully locate
extraction wells, passive wells,

and surface seals one must have a [
good understanding of vaper flow

behavior. Wells locations shoutd

If one well is sufficient, it should
almost always be placed in the
etric center of the

would be grester if flow were
induced in an adiacent soil Ixyer.
Removsl nate estimates for various
mass-tansfer limited scenarios are
discussed clsewhere in this stack.
Based on peedictive equations, the-

flowratc is expected to incresse by
15% when the extraction well

vapor flow paths. Figure 12 2
lustrates the effect that a surface §
seal will have on vapor flow
patterns. For shallow treatment

zones (<5 m) the surface scal will B
have a significant effect on the %
vapor flow paths, and seals can be
added or removed to achicve the
desired vapor flowpath. For




*System Design” Stack Cards E3

Groundwater Pumping Systems Vapor Treatment Systems

[In cases where contarminated soils (£} Currently there & four main

fie juss above or below the water a treatment processes available:
table, groundwster pumping
systems will be required to insure § ] VAPOR COMBUSTION UNITS
exposed. In designing a $
groundwater system it is : Vapors arc incincrated and
important to be aware that 3 ‘n destruction cfficiencies are
upwelling (draw-up) of the E: ’ typically >95%. A supplemental [
groundwater table will occur fuel, such as propane, is added |
when a vacuum is applied at the N before combustion unicss
extraction well

. \ (see the figurc nt the right),







- HyperVentilate Users Manual -

Appendix F: "Compound List Update" stack cards.

¥







"Compound List Update™ Stack Cards

Compound List Update

This card is pravided as a utility to let you add, or delete
Conmpound

List Data Base that this program uses. You may not delee or change the
) properties of the buse 62 compounds,

since these are needed for the two default
gasoline case calculstions (i.c. the “Fresh” and “Westhered® lines). If you wish

gasol
mdungemyofmepwpnuofhnddeddmah first delete
reinsert them into the Compound List Data Base. Follow the directions below:

Molecuisr Weight [p/mols]
Vapor Preasare @20C {stm)
Boiling Point @1 sim [C)

[ 3 )ctick oo the bunm w e righe

( Tnveri Compound )

F1




.,

-, N
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“_ Appendix G: Reprint of:

"A Practical Approach to the Design, Operation, and
Monitoring of In Situ Soil Venting Systems'







e
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A Practical Approach to the Design,
Operation, and Monitoring of In Situ-
Soil-Venting Systems

by P.C. Johnson, C.C. Stanley, M.W. Kemblowski, D.L. Byers, and J.D. Colthart

Abstract

When operated properly, in situ soil venting or vapor extraction can be one of the most cost—effecnve remediation
processes for soils contaminated with gasoline, solvents, or other relatively,volatile compounds. The components of
soil-venting systems are typically off-the-shelf items, and the installation of wells and trenches can be done by
reputable environmental firms. However, the design, operation, and monitoring of soil-venting systems are not
trivial. In fact, choosing whether or not venting should be applied at a given site is a difficult decision in itself. If
one decides to utilize venting, design criteria involving the number of wells, well spacing, well location, well construc-
tion, and vapor treatment systems must be addressed. A series of questions must be addressed to decide if venting
is appropriate at a given site and to design cost-effective in situ soil-venting systems. This series of steps and questions
forms a “decision tree” process. The development of this approach is an attempt to identify the limitations of in
situ soil venting, and subjects or behavior that are currently difficult to quantify and for which future study is needed.

Introduction

When operated properly, in situ soil venting or vapor
extraction can be a cost-effective remediation process
for soils contaminated with gasoline, solvents, or other
relatively volatile compounds. A “basic™ system, such
as the one shown in Figure 1, couples vapor extraction
(recovery) wells with blowers or vacuum pumps to
remove vapors from the vadose zone and thereby reduce
residual levels of soil contaminants. More complex sys-

tems.incorporate trenches, air injection wells, passive:

wells, and surface seals. Above-ground treatment sys-
tems condense, adsorb, or incinerate vapors; in some
cases vapors are simply emitted to the atmosphere
through diffuser stacks. In situ soil venting is an espe-
cially attractive treatment option because the soil is
treated in place, sophisticated equipment is not
required, and the cost is typically lower than other
options.

The basic phenomena governing the performance of
soil-venting systems are easily understood. By applying
a vacuum and removing vapors from extraction wells,
vapor flow through the unsaturated soil zone is induced.
Contaminants volatilize from the soi! matrix and are
swept by the carrier gas flow (primarily air) to the extrac-
tion wells or trenches. Many complex processes occur
on the microscale, however, the three main factors that
control the performance of a venting operation are the
chemical composition of the contaminant, vapor flow
rates through the unsaturated zone, and the flow path
of carrier vapors relative to the location of the contamin-
ants. ]

The components of soil-venting systems are typically

off-the-shelf items, and the installation of wells and
trenches can be done by reputable environmental firms.
However, the design, operation, and monitoring of soil-
venting systems is not trivial. In fact, choosing whether
or not venting should be applied at a given site is a
difficult question in itself. If one decides to utilize vent-
ing, design criteria involving the number of wells, well
spacing, well location, well construction, and vapor
treatment systems must be addressed. It is the current
state-of-the-art that such questions are answered more
by experience than by r)gorous logic. This is evidenced
by published soil venting “success stories” (see Hutzler
et al. 1988 for a good review), which rarely include
insight into the d651gn process.

In this paper, a series of questions are presented that
must be addressed to:

® Decide if venting is appropriate at a given site.

® Design cost-effective in situ soil-venting systems.
This series of steps and questions forms a “decision
tree” process. The development of this approach is an
attempt to identify the limitations of in situ soil venting,
and subjects or behavior that are currently difficult to
quantify and for which future study is needed.

The “Practical Approach”

Figure 2 presents a flow chart of the process dis-
cussed in this paper. Each step of the flow chart will be
discussed in detail, and where appropriate, examples
are given.

The Site Characterization

Whenever a soil contamination problem is detected
or suspected, a site investigation is conducted to charac-




terize and delineate the zone of soil and ground water
contamination. In general, the site characterization is
conducted in two stages. The emergency response and
abatement phase assesses the immediate impact on
potential human and environmental receptors, and is
conducted in a relatively short period of time (days). A
detailed site characterization then follows. Its purpose,
like the emergency response and abatement phase, is
to determine potential migration pathways and assess
the environmental impact associated with present condi-
tions and future migration of the contaminants. Often
the sequence of steps following initial response and
abatement is as follows:

¢ Background review: Involves assembling historical
records, plot plans, engineering drawings (showing
utility lines), and interviewing site personnel, This
information is used to help identify the contaminant,
probable source of release, zone of contamination,
and potentially impacted areas (neighbors, drinking
water supplies, etc.). .

® Preliminary site screening: Preliminary screening
tools such as soil-gas surveys and cone penetrometers
are used to roughly define the zone of contamination
and the site geology. Knowledge of site geology is
essential to determine probable migration of conta-
minants through the unsaturated zone.

o Detailed site characterization: Soil borings are drilled
and monitoring wells are installed.

e Contaminant characterization: Soil and ground water
samples are analyzed to determirie contaminant con-
centrations and compositions.

Costs associated with site investigations can be rela-
tively high depending on the complexity of the site and
size of the spill or leak. For large spills and complex
site geological/hydrogeological conditions, site investi-
gation costs may begin to approach remediation costs.
In addition, the choice and design of a remediation
system is based on the data obtained during the site
investigation. For these reasons it is imporiant to ensure
that specific information is collected, and to validate the
quality of the data.

If it is presumed that in situ soil veating will be a
candidate for treatment, then the following information
needs to be obtained during the preliminary site investi-
gation:

o Subsurface characteristics — site geology: This
includes the determination of soil stratigraphy (va-
dose and saturated zone) and characteristics of dis-
tinct soil layers (i.e., soil type, permeability estimates).
Whiie the'y are not essential, the moisture content,
total organic carbon, and permeability of each distinct
soil layer also provides useful information that can
be used to choose and design a remediation system.

¢ Subsurface characteristics -— site hydrogeology:

Depth to ground water, and the ground water gradi-

ent must be known, as well as estimates of the aquifer

hydraulic conductivity.

¢ Contaminant delineation: The distribution of con-
taminants in the saturated and vadose zones needs
1o be assessed. This includes the extent of the free-
phase hydrocarbon, residual hydrocarbon, and solu-
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ble hydrocarbon. Soil samples should be analyzed to
determine which contaminants are present at what
levels (contaminant composition). Specific analytical
methods should be used to identify target compounds
(i.e..benzenc, toluene, or xylenes) and total hydrocar-
bons present. For soil analyses these methods are:

EPA 8240. 8020, 8010 - volatile organic chemicals
{VOCs)

EPA 8270 - semivolatile organic chemicals

EPA 418.1 - total petroleum hydrocarbons (TPH).

The corresponding methods for water samples are:

EPA 8240, 8020, 8010 - volatile organic chemicals
(VOCs)

EPA 8270 - semivolatile organic chemicals

EPA 418.1 - total petroleum hydrocarbons (TPH).

With the current high cost of chemical analyses it
is important to intelligently select which analyses
should be performed and which samples should be
sent to a certified laboratory. Local regulations usu-
ally require that a minimum number of soil borings
pe performed. and target compounds must be ana-
lyzed based on the suspected composition of the con-
tamination. Costs can be minimized and more data
obtained by utilizing field screening tools, such as
hand-held vapor meters or portable field gas chroma-
tographs (GCs). These instruments can be used to
measure both residual soil contamination levels and
headspace vapors above contaminaled soils. At a
minimum, soil samples corresponding to Ilithology
changes or obvious changes in residual levels (based
on visual observations or odor) shouid be analyzed.

For complex contamination mixtures, such as gas-

oline, diesel fuel, and solvent mixtures, it is not prac-
tical or necessary to identify and quantify each com-
pound present. [n such cases it is recommended that
a “"boiling point™ distribution be measured for a
representative sample of the residual contamination.
Boiling point distribution curves, such as shown in
Figure 3 for “fresh™ and “weathered™ gasoline samples,
can be constructed from GC analyses of the residual
soil contamination {or free product) and knowledge of
the GC elution behavior of a known senies of compounds
(such as straight-chain alkanes). Compounds generally
elute from a GC packed column in the order of increas-
ing boiling point, so a boiling point distribution curve
is constructed by grouping all unknowns that elute
between two known peaks {i.e., between n-hexane and
n-heptane). Then they are assigned an average boiling
point, molecular weight. and vapor pressure. Use of
these data will be explained later.

The cone penetrometer, which is essentially an
instrumented steel rod that is driven into the soil, is
becoming a popular tool for preliminary site screening
investigations. By measuring the shear and normal
forces on the leading end of the rod. soil structure
can be defined and permeability or hydraulic conduc-
tivity can be estimated. Some cone penetrometers are
also constructed to allow the collection of vapor or
ground water samples. This tool has several advan-
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Figure 3. Boiling point distribution curves for samples of
“fresh™ and “weathered™ gasolines.

tages over conventional soil boring techniques (as a
preliminary site characterization tool): (1) the subsur-
. face soil structure can be defined better; (2) no soil
cuttings are generated; and (3) more analyses can be
performed per day.
® Temperature (both above and below ground surface)
Contaminant vapor concentrations are dependent on
temperature, and therefore, removal rates are
strongly influenced by subsurface temperatures.
Above-ground temperatures will influence the selec-
tion of materials and construction of the above-
ground vapor treatment system. :
Results from the preliminary site investigation
should be summarized in contour plots, fence diagrams,
and tables in preparation for deciding whether venting
is appropriate, and for the final design of the system,

Deciding if Venting Is Appropriate

As previously stated, the three main factors govern-
ing the behavior of any in situ soil-venting operation
are the vapor flow rate, contaminant vapor concentra-
tions, and the vapor flow path relative to the contamin-
ant location. In an article by Johnson et al. (1988), simple
mathematical equations were presented to help quantify
each of these factors. Following it is illustrated how to
use these “screening models’and the information col-
lected during the preliminary site investigation to help
determine if in situ soil venting is appropriate at a given
site. In making this decision the following questions will
be answered:

1. What contaminant vapor concentrations are likely
to be obtained?

2..Under ideal vapor flow conditions (i.e., 100 - 1000
scfm vapor flow rates), is this concentration great
enough to yield acceptable removal rates?

3. What range of vapor flow rates can realisticaily
be achieved?

4. Will the contaminant concentrations and realistic
vapor flow rates produce acceptable removal rates?

5. What residual, if any, will be left in the soil? What -




vapor composition and concentration changes will occur
with time? How do these values relate 1o the reguiatory
requirements?
6. Are there likely to be any negative effects of soil
venting? .
Negative answers to questions 2 or 4 will rule out
in situ soil venting as a practical treatment method.

What Contaminant Vapor Concentrations Are Likely
to Be Obtained?

Question 1 can be answered based on the results of
soil-vapor surveys, analyses of headspace vapors above
contaminated soi} samples, or equilibrium vapor models
(Johnson et al. 1988). In some cases just knowing which
compounds are present is sufficient to estimate if venting
is feasible. In the absence of soil-vapor survey data,
contaminant vapor concentrations can be estimated.

The maximum vapor concentration of any compound

(mixture) in extracted vapors is its equilibrium or “satur-

ated” vapor concentration, which is easily calcuiated
from knowledge of the compound’s (mixture’s} molecu-
lar weight, vapor pressure at the soil temperature, resid-
ual soil contaminant compaosition, and the ideal gas law:

xiP:’Mwi
Co= g M 1
est Zl RT ( )
where: '
C.s. = estimate of contaminant vapor concentration
[mg/L]

Xi = mole fraction of component i in liquid-phase
residual (x; = 1 for single compound)

P, = pure component vapor pressure at tempera-
ture T [atm]
M,.; = molecular weight of component i [mg/mole]
R  =gas constant = 0.0821 l-atm/mole-°"K
T = absolute temperature of residual [°K].
Table 1 presents data for some chemicals and mix-

TABLE 1 .
Selected Compounds and Their Chemical Properties (Johnson et al. 1988)

Compound M, Ty (1 atm) P°20C
: (g/mole) (C) © (atm)
n-pentane 72.2 36 0.57
n-hexane 86.2 69 : 0.16
trichloroethane 1334 75 0.132
benzene 78.1 80 0.10
cyclohexane &4.2 81 0.10
trichloroethylene 131.5 87 0.026
n-heptane . 100.2 98 0.046
toluene 92.1 111 0.029
tetrachioroethylene 166 121 - 0018
n-octane 114.2 126 0.014
chlorobenzene 113 132 0.012
p-xylene 106.2 138 0.0086
ethylbenzene 106.2 138 0.0092
m-xylene 106.2 139 0.0080
o-xylene 106.2 144 0.0066
styrene 104.1 145 ‘ 0.0066
n-ponane 1283 151 0.0042
n-propylbenzene 120.2 159 0.0033
1,2,4 trimethylbenzene 120.2 169 0.0019
n-decane : 1423 173 0.0013
DBCP 263 196 ] 0.0011
n-undecane 156.3 196 0.0006
n-dodecane 170.3 216 0.00015
napthalene 128.2 218 0.00014
tetraethyllead 323 dec.@200C 0.0002
gasoline' ' 95 - 0.34
weathered gasoline? 111 - 0.049

‘Corresponds to “fresh™ gasoline defined in Table 2 with boiling point distribution shown in Figure 3.
*Corresponds to “weathered” gasoline defined in Table 2 with boiling point distribution shown in Figure 3.
Ty (1 atm) - compound boiling point at 1 aim absolute pressure.
M,, - molecular weight.

Cey - equilibrium vapor concentration (see Equation 1).

P, (20 C), - vapor pressure measured at 20 C,




tures accidentally released to the environment. There
are more sophisticated equations for predicting vapor
concentrations in soil systems based on equilibrium par-
titioning arguments. but these require more detailed
information (organic carbon content, soil moisture) than
is normally available. If a site is chosen for remediation,
the residual total hydrocarbons in soil typically exceed
500 mg/kg. In this residual concentration range most of
the hydrocarbons will be present as a separate or “free”
phase, the contaminant vapor concentrations become
independent of residual concentration (but still depend
on composition), and Equation 1 is applicable (Johnson
et al. 1988). In any case, it should be noted that these
are estimates only for vapor concentrations at the start
of venting, which is when the removal rates are generally
greatest. Contaminant concentrations in the extracted
vapors will decline with time due to changes in composi-
tion, residual levels, or increased diffusional resistances.
These topics will be discussed in more detail.

Under Ideal Vapor Flow Conditions (i.e., 100 - 1000
scfm Vapor Flow Rates), Is This Concentration Great
Enoungh to Yield Acceptable Removal Rates?

Question 2 is answered by multiplying_ the concentra-
tion estimate C,,, by a range of reasonable flow rates,
Q: ‘

Resi = Ceu Q 03]

Here R, denotes the estimated removal rate, and
C.q and Q must be expressed in consistent units. For
reference, documented venting operations at service sta-
tion sites typically report vapor flow rates in the 10 -
100 scfm range (Hutzler et al. 1988), although 100 -
1000 scfm flow rates are achievable for sandy soils or
large numbers of extraction wells. At this point in the
decision process what is still being neglected is that
vapor concentrations decrease during venting due to
compositional changes and mass transfer resistances.
Figure 4 presents calculated removal rates R, [kg/d]
for a range of C, and Q values. C, values are presented
in [mg/L} and [ppmcy4] units, where [ppmcys) represents
methane-equivalent parts-per-million volume/volume
(ppm,) units. The [ppmcyq4] units are used because field
analytical tools that report [ppm,] values are often cali-
brated with methane. The [mg/L] and [ppmcys) units are
related by:

[Ppmcia] * 16000 mg-CHy/mole-CH, * 10°®

3
(0.0821 l-atmK-mole) * (298 K) )

[mg/L] =

For field instruments calibrated with other compounds
(i.e.. butane, propane), [ppm,] values are converted to
[mg/L] by replacing the molecular weight of CH, in
Equation 3 by the molecular weight [mg/mole]} of the
calibration compound.

Acceptable or desirable removal rates R, ceprabie, €an
be determined by dividing the estimated spill mass Mg,
by the maximum acceptable cleanup time 7

Racccplablc = spill/ T 4)

For example, if 1500kg (=~ 500 gal) of gasoline had
been spilled at a service station and it was wished to
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Figure 4. In situ soil-venting removal rate dependence on
vapor extraction rate and vapor concentration.

complete the cleanup within eight months, then R, cepra-
vie = 6.3 kg/d. Based on Figure 4, therefore, C. would
have to average >1.5 mg/L (2400 ppmcy,) for Q=2800
V/min (100 cfm) if venting is to be an acceptable option.
Generally, removal rates <1 kg/d will be unacceptable
for most releases, so soils contaminated with compounds
(mixtures) having saturated vapor concentrations less
than 0.3 mg/L (450 ppmcua) will not be good candidates
for venting, unless vapor flow rates exceed 100 scfm.
Judging from the compounds listed in Table 1, this corre-
sponds to compounds with boiling points (T,,)>150 C,
or pure component vapor pressures <0.0001 atm evalu-
ated at the subsurface temperature.

What Range of Vapor Flow Rates Can Realistically
Be Achieved?

Question 3 requires that realistic vapor flow ‘rates for
the site-specific conditions be estimated. Equation 5,
which predicts the flow rate per unit thickness of well
screen Q/H [cm® /s], can be used for this purpose:

Q k [ 1- (PAlm/P w)2]
B T LR RY )
" n(R./R)

where: ,

k = soil permeability to air flow [cm? | or [darcy]

n = viscosity of air = 1.8 x 10" g/fcm-s or 0.018 cp

P, = absolute pressure at extraction well [g/cm-s?]
or [atm]

Pam = absolute ambient pressure = 1.01 x 1(* g/em-s®
or 1 atm

R, - = radius of vapor extraction well [cm]

R; = radius of influence of vapor extraction well
[cm]. :




This equation is derived from the simplistic steady-
state radial flow solution for compressible flow (Johnson
ct al. 1988), but should provide reasonable estimates
for vapor flow rates. If k can be measured or estimated,
then the only unknown parameter is the empirical “ra-
dius of influence™ Ry. Values ranging from 9m (30 ft)
to 30m (100 f1) are reported in the literature (Hutzler
et al. 1988) for a variety of soil conditions, but fortun-
ately Equation S is not sensitive to large changes in R,.
For estimation purposes, therefore, a value of Rj=12m
(40 ft) can be used without a significant loss of accuracy.
Typical vacuum well pressures range from 0.95 - 0.90
atm (20 -~ 40 in H,0 vacuum). Figure S presents pre-
dicted flow rates per unit well screen thickness Q/H,
expressed in “standard” volumetric units Q*/H (= Q/
H(P /P am) for a 5.1cm radius (4-in diameter) extrac-
tion well, and a wide range of soil permeabilities and
applied vacuums. Here H denotes the thickness of the
screened interval, which is often chosen to be equal to
the thickness of the zone of soil contamination (this
minimizes removing and treating any excess “clean”
air). For other conditions the Q*/H values in Figure 5
can be multiplied by the following factors:

Ry =5.1cm (2in) R;=7.6m (25 ft) - multiply Q*/H
by 1.09

Ru=51cm (2in) R;=23m (75 ft) - multiply O*/H
by 0.90

R, =76cm (3in) R; =12m (40 ft) - multiply Q*/H
by 1.08

R, =10cm (4 in) R, =12m (40 f1) - multiply O*/H
by 1.15 .

Ry =10cm (4 in) R;=7.6m (25 ft) - multiply Q*/H
by 1.27

As indicated by the preceding multipliers given,
changing the radius of influence from 12m (40 f1) o0
23 m (75 fi) only decreases the predicted flow rate by
10 percent. The largest uncertainty in flow rate calcula-
tions will be due to the air permeability value k. which
can vary by one to three orders of magnitude across a
site and can realistically only be estimated from boring
log data within an order of magnitude. It is prudent,
therefore, to choose a range of k values during this
phase of the decision process. For example, if boring
* logs indicate fine sandy soils are present, then flow rates
should be calculated for k values in the range of
0.1<k<1.0 darcy.

Will the Contaminant Concentrations and Realistic
Vapor Flow Rates Produce Acceptable Remeval
Rates? ‘ e

Again, estimated removal rates R, must be com-
pared with an acceptable rate R,cccpranie. as determined
from Equation 4. Maximum removal rates are achieved
when the induced vapor flow travels only through the
zone of soil contamination and no mass-transfer limita-
tions are encountered: In other words. all vapor flows
through contaminated soils and becomes saturated with
contaminant vapors. For this “best” case the estimated
removal rate is given by Equation 2:
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R_=S5.5em@") y
w .
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Figure 5. Predicted steady-state flow rates (pei unit well
screen thickness) for a range of soil permeabilities and applied
vacuums (P.).
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Figure 6. Scenarios for removal rate estimates.

Resi = Cen Q ' (2)

Changes in C., are still being neglected with time
due to composition changes. Other less optimal condi-
tions are often encountered in practice and it is useful
to be able to quantify how much lower the removal rate
will be from the value predicted by Equation 2. We will
consider the three cases illustrated in Figures 6a, b. and c.
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In Figure 6a a fraction & of the vapor flows through
uncontamtinated soil. The fraction can be roughly esti-
mated by assessing the location of the well relative to
the contaminant distribution. In Figure 6a for example,
it appears.that roughly 25 percent of the vapor flows
through uncontaminated soil. The maximum removal
rate for this case is then:

Reg = (] _(b) Q Ccsl ' (6)

In Figure 6b, vapor flows parallel to, but not through,
the zone of contamination, and the significant mass
transfer resistance is vapor phase diffusion. This would
be the case for a layer of liquid hydrocarbon resting on
top of an impermeable strata or_the water table. This
problem was studied by Johnson et al (1988) for: the
case of a single component. The solution is:

Rest = mQ Cegr ‘

=— (6Du/k)”2 [In(RYRy}/ (P - P2V Ri- R} (O]

where:
n = efficiency relative to maximum
removal rate
D " = effective soil-vapor diffusion coeffici-
ent [cm?s)
= viscosity of air = 1.8 x 10 g/cm-s
= soil permeability to vapor flow [cm?]
= thickness of screened interval [cm)
= radius of influence of venting well
[em]
= venting well radius [cm)
= absolute ambient pressure = 1.016 x
10° gfem-§
P = absolute pressure at the ventmg well
[g/cm-s*]
R, < r < R; = defines region in which contamina-
tion is present.

Note that the efficiency m is inversely proportional
to the screened interval thickness H because a larger
interval will, in this geometry, pull in unsaturated air
that has passed above the liquid-phase contamination.
D is calculated by the Millington-Quirk (Millington and
Quirk 1961) expression, which utilizes the molecular
diffusion ccefficient in air D, the vapor-filled soil poros-
ity €, and the total soil porosny €7

X o
D= D° (8)
€ '!‘
where €, and ¢, are related by:

AE~E

v
>
3

Ea=er-pOu SR )

Here py, and O are the soil bulk density [g/cm*] and
sotl m01sture content [g- -H,0/g-soil].

As an example, consider rémoving a layer of contam-
matlon bounded by sandy soil (k=1 darcy). A 5.1cm (4
in) radlus vapor extraction well is being operated ‘at
P,,=0.90 atm (0.91 x 10 g/cm—s’) and the contamination
extends from the region R, = R,, = 5. lem to Ry = 9m
(30 ft). The well is screened over a 3m (10 ft) interval.

Assuming that:
“pp = 1.6 glem?

Om =010
D° = 0.087 cm¥s
€Er = 0.30

R[ = 12'm

then the venting efficiency relative to the maximum
removal rate (Equation 2), calculated from Equations 7
through 9 is: .

n = = 0.09 = 9%. .

Figure 6¢ depicts the situation in which vapor ﬂows
primarily past, rather than through the contaminated
s0il zone, such as might be the case for a contaminated
clay lens surrounded by sandy soils. In this case vapor-
phase diffusion through the clay to the flowing vapor
limits the remaoval rate. The maximum removal rate in
this. case occurs when the vapor flow is fast enough to
maintain a low vapor concentration at the permeable/
impermeable soil interface. At any time t a contaminant-
free or “dried out” zone of low permeability will exist

" with a thickness 8. An estimate of the removal rate R

from a contaminated zone extending from R, to R, is:

Ry =1 (Ri--Rf) Cq D/3(1) . (10)
where D is the effective porous media vapor diffusion
coefficient (as calculated previously from Equations 8
and 9) and C., is the estimated equilibrium vapor con-
centration (Equation 1). With time 8(t) wiil grow larger.
In the case of a single component system the dry zone
thickness can be calculated from the mass balance:

ds - .
PG = cm D/S(t) )

Ccs: D Cs Po

T 2t

where C; is the residual level of contamination in the
low permeability zone [g-contamination/g-soil], and all
other variables have bee¢n defined. The solution to
Equations 10 and 11 yields the following equation that
predicts the change in removal rate with time:

sy =V 2Cu Dt _ (12)

Po Cs
As an example, consider the case where benzene (C, =
3.19 x 10 g/cm® @20.C) is being removed from a zone
extending from R, = 5.lcm to R; = 9m. The initial
residual level is 10,000 ppm (0.01 g-benzene/g-soil), py,
= 1.6 g/cm’, D° = 0.087 cm?/s, and et = €A = 0.30. Figure

Rey = TE(R;- Rf)

' 7 presents the predicted removal rates and “dry” zone

thickness 5(1) as a function of time. Note that it would
take approximately one year to clean a layer 1.5m (5
ft) thick, for a compound as volatile as benzene. Equa-
tion 12 predicts high initial removal rates; in practice,
however, the removal rate will be limited initially by
the vapor-phase diffusion behavior descnbed previously
for Figure 6b.

Mixture removal rates for the situations depicted in
Figures 6b and 6c are difficult to estimate because




changes in composition and liquid-phase diffusion affect
the behavior. Currently there are no simple analytical
solutions for these situations. but it can be postulated
that they should be less than the rates predicted previ-
ously for pure comporients.

The use of equilibrium-based models tb predict
required removal rates will be discussed under the next
question. '

What Residual, If Any, Will Be Left in the Soil?
What Vapor Composition and Concentration

Changes Will Occur With Time? How Do These
Values Relate to the Regulatory Requirements?

As contaminants are removed during venting, the
residual soil contamination level decreases and mixture
compositions become richer in the less volatile com-
pounds. Both of these processes result in decreased
vapor concentrations, and hence, decreased removal
rates with time, At low residual soil contamination levels
(<500.ppm) Equation 1 becomes less valid as sorption
and dissolution phenomena begin to affect the soil resid-
ual — vapor equilibrium. In the limit of low residual
contamination levels, contaminant equilibrium vapor
concentrations are expected to become proportional 10
the residual soil contaminant concentrations. As venting
continues and residual soil levels decrease, therefore, it
- becomes more difficult to remove the residual contami-
nation. It is important to realize that, even with soil
venting, there are practical limitations on the final soil

contamination levels that can be achieved. Knowledge -

of these limits is necessary to realistically set cleanup
criteria and design effective venting systems.

The maximum efficiency of a venting operation is
limited by the equilibrium partitioning of contaminants
between the soil matrix and vapor phases. The maxi-
mum removal rate is achieved when the vapor being
removed from an extraction well is in equilibrium with
the contaminated soil. Models for predicting this maxi-
mum removal rate have been presented by Marley and
Hoag(1984) and Johnson et al. (1988). The former con-
sidered only compositions in a residual free-phase, while
the latter also considered the effects of sorption and
dissolution processes. A complete discussion of the
developmeat of these models is not appropriate here,
but we will discuss the use of the predictions.

The change in composition, vapor concentration,
removal rate, and residual soif contamination level with
time are functions of the initial residual composition,
vapor extraction well flow rate, and initial soii contami-
nation level. It is not necessary to generate predictions
for every combination of variables, however, because
with appropriate scaling all results will form a single
curve for a given initial mixture composition, Figure 8a
presents the results computed with the model presented
by Johnson et al. (1988) for the “weathered™ gasoline
mixture .whose composition is given by Table 2. The
important variable that determines residual soil levels,
vapor concentrations, and removal rates is the ratio QU
M(t=0), which represents the volume of air drawn
through the contaminated zone per unit mass of conta-
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Figure 7. Estimated maximum removal rates for a venting
operation limited by diffusion.
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Figure 8. Maximum predicted removal rates for a weathered .
gasoline: (a) full composition (b) approximate composition.

minant. In Figure 8, the scaled removal rate (or equiva-
lently the vapor concentration) decreases with time as
the mixture becomes richer in the less volatile com-
pounds.

While a detailed compositional analysis was availa-
ble for this gasoline sample. an approximate composi-
tion based on a boiling point distribution curve predicts
similar results. Figure 8b presents the results for the
approximate mixtlure composition also given in Table 2.

Model predictions. such as those shown in Figure 8
for the gasoline sample defined by Table 2. can be used
to estimate removal rates (if the vapor fiow rate is speci-
fied), or alternatively the predictions can be used to
estimate vapor flow rate requirements (if the desired
removal rate is specified). For example, if we wanted
to reduce the initial contamination level by 90 percent.




TABLE 2
Composition (Mass Fractions) of Fresh and Weathered Gasolines

Compound M ' Fresh ' Weatheéred * Approximate

Name . (® Gasoline Gasoline - Composition
propane . 44.1 0.0001 0.0000 0. '
isobutane 58.1 0.0122 0.0000 0
n-butane 58.1 0.0629 0.0000 ]
trans-2-butene 56.1 0.0007 0.0000 0
cis-2-butene 56.1 0.0000 " 0.0000 0
3-methyl-l-butene 70.1 0.0006 : 0.0000 0
isopentane 722 0.1049 0.0069 00177
1-pentene . 70.1 0.0000 ’ 0.0005 0
2.methyl-l-butene 70.1 0.0000 0.0008 0
2-methyl-1,3-butadiene 68.1 0.0000 0.0000 0
n-pentane ’ 722 0.0586 0.0095 0
trans-2-pentene 70.1 0.0000 . 00017 0
2-methyl-2-butene 70.1 0.0044 0.0021 0
2-methyl-1.2-butadiene 68.1 0.0000 0.0010 0

3 3.3-dimethyl-1-butene 84.2 0.0049 _ 0.0000 0

cyclopentane ‘ ' 70.1 0.0000 0.0046 0.0738
3-methyl-1-pentene 84.2 0.0000 . 0.0000 0o
2.3-dimethylbutane 86.2 0.0730 i 0.0044 0
2-methylpentane 86.2 0.0273 : . 0.0207 0
3-methylpentane 86.2 0.0000 0.0186 0.
n-hexane 86.2 0.0283 0.0207 0
methylcyclopentane _ 84.2 0.0083 0.0234 0
2.2-dimethylpentane 100.2 0.0076 0.0064 ¢
benzene . 78.1 : 0.0076 - 0.0021 0

: cyclohexane ‘ 842 0.0000 0.0137 0.1761
i 2,3-dimethylpentane 100.2 0.0390 , 0.0000 0

3-methylhexane 1002 0.0000 . 00355 0
3-ethylpentane 100.2 0.0000 0.0000 0
n-heptane 100.2 0.0063 0.0447 (]
2.2 4-trimethylpentane ' 1142 0.0121 ' 0.0503 0
methylcyclohexane 98.2 0.0000 0.0393 0
2,2-dimethylhexane 114.2 0.0055 0.0207 0
toluene. Rl 0.0550 0.035% 0.1926
2.3.4-trimethylpentane . 1142 0.0121 0.0000 0
3-methylheptane 114.2 0.0000 . 00343 i}
2-methylheptane 114.2° 0.0155 0.0324 0
n-octane 1142 0.0013 0.3000 0
2,4 4-trimethythexane 128.3 0.0087 0.0034 0
2,2-dimethylheptane 1283 0.0000 0.0226 0
ethylbenzene 106.2 0.0000 0.0130 o
p-xylene - 106.2 0.0957 0.0151 0
m-xylene . 106.2 0.0000 0.0376 0.1641
3.3,4-trimethylhexane T 1283 0.0281 0.0056 0
o-xylene ’ : 106.2 0.0000 0.0274 0
2,2,4-trimethyltheptane : ’ 1423 -~ 0.0105 0.0012 0
n-poname 128.3 0.0000 0.0382 0-
3.3.5-trimethylheptane 142.3 0.0000 0.0000 0
n-propylbenzene 120.2 0.0841 0.0117 0.1455 -
2,34-trimethylheptane 142.3 0.0000 0.0000 ¢
1.3,5-trimethylbenzene 120.2 0.0411 0.0493 0
1.2-4-trimethyibenzene 120.2 0.0213 0.0707 .0
n-decane 1423 0.0000 0.0140 0
methylpropylbenzene ' 134.2 0.0351 0.0170 0
dimethylethylbenzene 1342 . 0.0307 0.0289 0.0534
n-undecane 156.3 0.0000 0.0675 ¢
1,2,4 5-tetramethylbenzene . 134.2 0.0133 0.0056 0
1.2,3,4-tetramethylbenzene 134.2 0.0129 0.0704 0.1411
1.2,4-trimethyl-5-ethylbenzene 1482 0.0405 0.0651 0
n-dodecane 170.3 0.0230 0.0000 0
napthalene T s 128.2 ' 0.0045 0.0076 0
n-hexylbenzene . . 1623 . . 0.0000 0.0147 0.0357
methylnapthalene 1422 0.0023 0.0134 ]
Total ' © 1.0000 1.0000 1.00000




then Figure 8 predicts that ~ 100 l-air/g-gasoline will

be required. This is the minimum amount of vapor
required. because it is -based on an equlhbrlum -based
model. The necessary minimum average vapor flow rate
is then equal to the spill mass times the minimum
required vapor flow/mass gasoline divided by the
desired duration of venting. Use of this approach is
illustrated in the service station site example provided
at the end of this paper.

Figure 8 also illustrates that there is a practical limit
to the amount of residual contaminant that can be
removed by venting alone. For example, it will take'a
minimum of 100 l-vapor/g-gasoline to remove 90 percent
of the weathered gasoline defined in Table 2, while it
will take about 200 l-air/g-gasoline to remove the
remaining 10 percent. In the case of gasoline. by the
time 90 percent of the initial residual has been removed,
the residual consists of relatively insoluble and non-
volatile compounds. It is important to recognize this
limitation of venting. and when setting realistic cleanup
target levels. they should be based on the potential envi-
ronmental impact of the residual rather than any specific
total residual hydrocarbon levels. Because mandated
cleanup levels are generally independent of the remedia-

tion method, this also indicates that soil venting will

often be one of many processes used during a given site
remediation. 1t is not difficult to envision that in the
future soil venting may be followed or coupled with

enhanced biodegradation to achleve lower cleanup’

levels.

It is appropriate to mention at this point that the.

mathematical models presented in this paper are being
used as “toois™ to help plan and design venting system.
As with any models, they are mathematical descriptions
of processes that at best approximate real phenomena,
and care should be taken not to misapply or misinterpret
the results,

Are There Likely to Be Any Negatlve Effects of Soil
Venting?

It is possible that venting will induce the migration
of off-site contaminant vapors toward the extraction
wells. This may occur at a service station. which is often
in close proximity to other service stations. If this occurs,
one could spend a lot of time and money to unknowingly
clean up someone else’s problem. The solution is 1o
establish a “vapor barrier” at the perimeter of the con-
taminated zone. This can be accomplished by allowing
vapor flow into any perimeter ground water monitoring
wells (which often have screened intervals extending
above the saturated zone), which then act as passive air
supply wells. In other cases it may be necessary to install
passive air injection wells, or trenches, as illustrated in
Figure 9a. .

As pointed out by Johnson et al. (1988). the applica-
tion of a vacuum to extraction wells can also cause a
water table rise. In many cases contaminated soils lie
iust above the water table and they become water satur-
ated, as illustrated in Figure 9b. The maximum rise

occurs at, or below the.vapor extraction well. where the -

water iable rise will be equal to the vacuum at that point
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Figure 9. (a) Use of passive vapor wells to prevent migration
of off-site contaminant vapors. (b) Water table rise caused by
the applied vacuum.

expressed as an equivalent water column height (i.e.. in
ft H,O). The recommended solution to this problem is
to install a dewatering system. with ground water pump-

ing wells located as close 1o vapor extraction wells as
possible. The dewatering system must be designed to
ensure that contaminated soils remain exposed to vapor
flow. Other considerations not directly related to vent-
ing system design, such as soluble plume migration con-
trol and free-liquid product yield. will also be factors in
the design of the ground water pumping system.

Design Information

If venting is still a remediation option after answer-
ing the questions above. then more accurate information
must be collected. Specifically. the soil permeability (o
vapor flow, vapor concentrations, and aquifer charac-
teristics need 10 be determined. Thesc are obtained by
two field experiments: air permeability and ground
waler pumping tests, described briefly next.

-

Air Permeability Tests

Figure 10 depicts the setup of an air permeability
test. The object of this experiment is to remove vapors
at a constant rate from an extraction well, while monitor--
ing with time the transient subsurface pressure distribu-
tion at fixed points. Effluent vapor concentrations are
also monitored. It is important that the test be condicted

properly to obtain accurate design information. The

extraction well should be screened through the soil zone

that will be vented during the actual operation. In many.

cases existing ground water monitoring wells are suffici-
ent, if their screened sections extend above the water
table. Subsurface pressure monitoring probes can be

-y
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driven soil-vapor sampling probes (for <20 ft deep con-
tamination problems) or more permanent installations.

Flow rate and transient pressure distribution data

are used to estimate the soil permeability to vapor flow.
The expected change in the subsurface pressure distribu-
tion with time P'(r,t) is predicted (Johnson et al.) by:

Q fe*
= — — dx
4rm(k/y) X

fep
4kPsm ! (]3)

For (r* ep.MkPAImt};O.l‘E'quationn' 13 can be approxi-
mated by:

P = _Q [_-0.5772 - ln( e )+ ln(t)] (14)
4rm(k/) ) . Atm
Here:
P = “pauge” pressure measured at distance r
and time t )
m = stratum thickness
r = radial distance from vapor extraction well
k = soil permeablhly to air flow
p. = viscosity of air = 1.8 x 10* g/icm-s
€ = air-filled soil void fraction
t = time .
Q = volumetric vapor f!ow rate from extraction
well
Pauwm = ambient aimosphenc pressure = 1.0 atm =

1.013 x 10° g/cm-s°.

Equation 14 predicts a plot of p'-vs- In(t) should be a
straight line with slope A and y-intercept B equal to:

__ 9
" 4nm(k/p)
. Q . r:'sil )]
B-—— [-05772-1 15;
amm(k/p) [’05 ‘"(4kPm,,, ) (13)

1)
.

The permeabili.ty to vapor flow can then be calculated
from the data by one of two methods. The first is applica-
ble when Q and m are known. The calculated slope A

is used:

o Qu
" 4Amm

The second approach must be used whenever Q or m

is not known. In this case the values A and B are both

used:
rep
4PAlm

Equation 13 can-also be. used to choose the locations
of subsurface pressure monitoring points before con--
ducting the air permeability test, given an estimation of
k and the flow rate to be used.

Vapor samples should be taken at the begmmng and
end of the air permeability test. which should be con-
ducted for a long enough time to extract at least one
“pore volume™ Vp of vapor from the contaminated soil
zone. This easurés that all vapors existing in the forma-
tion prior to venting are removed. The vapor concentra-
tion-at the start of the test is representative of the equi-
librium vapor conceatration, while the concentration
measured after one pore volume has been extracted
gives. an indication of realistic removal rates and the
mixing or diffusional limitations discussed in association
with Figure 6. The time 7p for one pore volume to be
removed i5: :

(16)

k =

— £05772) ' 17
eXP(A+ ) | . (17)

where R, H. €4. and Q are the radius of the zone of
contamination, vertical thickness of the zone of contami-
nation, air-filled void fraction. and volumetric vapor
flow rate from the extraction well. For example, consider
the case where R=12 m. H=3 m. €4=0.35, and Q=0.57
m’® /min (20 ft* /min). Then 1p=475 m Y0.57 m* /min=833
min=14 h. :

Ground Water Pumping Tests

To achieve efficient venting. the hydrocarbon-con-
taminated soil .has to.be exposed to air flow, which in
turn requires that the water table be lowered to counter-
actthe water upwelling effect caused by the decreased
vapor pressure in the vicinity of a venting well (Johnson
et al. 1988) and to possibly expose contaminated soil
below the water table. Thus the ground water pumping
system has to have a sufficient pumping rate and be
operated for a.long enough time period to obtain the.
required drawdowns. Because most venting systems are
installed above phreatic aquifers. two aquifer parame-
ters are needed for the design: average transmissivity T
and storage coefficient S. These parameters can be esti-
mated using the results of the standard transient ground
water pumping test with a constant pumping rate (Bear
1979). Using the estimated values. the required pumping’
rate may be calculated as follows:

Q = 47T S(r,tyW(u) (9

where: W(u)’ is the well function (Bear 1979) of u =S8t




4Tt, and s(r,t) is the required drawdown at distance r
and pumping lime equal to t.

System Design

In this section the questions that must be answered
in order to design an in situ soil-venting system will be
discussed. It is not the authors’ intention to provide a
generic “recipe” for soil-venting system design; instead,
a structured thought process to guide in choosing the
number of extraction wells, well spacing, well construc-
tion, etc. is suggested. Even in a structured thought
process, intuition, and experience play important roles.
There is no substitute for a good fundamental under-
standing of vapor flow processes, transport phenomena,
and ground water flow.

Choosing the Number of Vapor Extraction Wells

Three methods for choosing the number of vapor
extraction wells are outlined in the following text. The
greatest number of wells from these three methods is
then the value that should be used. The objective is to
satisfy removal rate requirements and achieve vapor
removal from the entire zone of contamination.

For the first estimate residual contaminant composi-
tion and vapor concentration changes with time are neg-
lected. The acceptable removal rate Ryccepuabie is calcu-
lated from Equation 4, while the estimated removal rate
from a single well R, is estimated from a choice of
Equations 2, 6, 7, or 12 depending on whether the speci-
fic site conditions are most like Figure 6a, 6b, or 6c.
The aumber of wells N, required to achieve the
acceptable removal rate is:

ch!ls = Racccplablc" Rest (20)

Equations 2, 6, and 7 require vapor flow estimates, which
can be calculated from Equation 5 using the measured
soil permeability and chosen extraction well vacuum P,,.
At this point one must determine what blowers and
‘vacuum pumps are available because the characteristics
of these units will limit the range of feasible (P,,Q)
values. For example, a blower that can pump 100 scfm
at 2 in. H,O vacuum may only be able to pump 10 scfm
at 100 in. H,O vacuum.

The second method, which accounts for composition
changes with time, utilizes model predictions, such as
those illustrated in Figure 8. Recall that equilibrium-
based models are used to calculate the minimum vapor
flow to achieve a given degree of remediation. For exam-
ple, if we wish to obtain a 90 percent reduction in resid-
ual gasoline levels, Figure 8 indicates that = 100 I-vapor/
g-gasoline must pass through the contaminated soil
zone. If our spill mass is 1500kg (=500 gal), then a mini-
mum of 1.5 x 10° l-vapor must pass through the conta-
minated soil zone. If the target cleanup period is six
months, this corresponds to a minimum average vapor
fiow rate of 0.57 m* /min (=20 cfm). The minimum num-
ber of extraction wells is then equal to the required
minimum average flow rate/flow rate-per-well.

The third method for determining the number of

wells ensures that vapors and residual soil contamina-
tion are removed from the entire zone of contamination
Nmin- This is simply equal to the ratio of the area of
contamination A gniaminations tO the area of influence of
a single venting well #R/*

Aconlamination

) lrnin -
2
TERI
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This requires an estimate of R;, which defines the zone
in which vapor flow is induced. In general, R depends
on soil properties of the vented zone, properties of sur-
rounding soil layers, the depth at which the well is
screened, and the presence of any impermeable bound-
aries (water table, clay layers, surface seal, building
basement. etc.). At this point it is useful to have some
understanding of vapor flow patterns because, except
for certain ideal cases (Wilson et al. 1988), one cannot
accurately predict vapor flow paths without numerically
solving vapor-flow equations. An estimate for R; can
be obtained by fitting radial pressure distribution data
from the air permeability test to the steady-state radial
pressure distribution equation (Johnson et al. 1988):

Pam ;) In(r/R,)

P(r) = P, [1 -
(=P, [1+(Q P, ) m(RUR)

] (22)

where P(r), Paym. P, and R,, are the absolute pressure
measured at a distance r from the venting well, absolute
ambient pressure, absolute pressure applied at the vapor
extraction well, and extraction well radius, respectively.
Given that these tests are usually conducted for less
than a day, the results will generally underestimate R;.
If no site-specific data are available, one can conserva-
tively estimate R based on the published reports from
in situ soil-venting operations. Reported R; values for.
permeable soils (sandy soils) at depths greater than
20 feet below ground surface, or shallower soils beneath
good surface seals, are usually 10m - 40m (Hutzler et
al. 1988). For less permeable soils (silts, clays), or more
shallow zones R; is usually less.

Choosing Well Location, Spacing, Passive Wells, and
Surface Seals

To be able to successfully locate extraction wells,
passive wells, and surface seals one must have a good
understanding of vapor flow behavior. Well locations
should be chosen 10 ensure adequate vapor flow through
the contaminated zone, while minimizing vapor flow
through other zones.

If one well is sufficient, it should almost always be
placed in the geometric center of the contaminated soil
zone, unless it is expected that vapor flow channeling
along a preferred direction will occur. In that case the
well should be placed so as to maximize air flow through
the contaminated zone.

When multiple wells are used it is important to con-
sider the effect that each well has on the vapor flow to
all other welis. For-example, if three extraction wells
are required at a given site, and they are installed in
the triplate design shown in Figure 11a, this would result
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Figure 11. Venting well configurations.

in a “stagnant” region in the middle of the wells where
air flow would be small in comparison to the flow:
induced outside the triplate pattern boundaries. This
problem can be alleviated by the use of “passive wells”
or “forced injection” wells as illustrated in Figure 11b
(it can also.be minimized by changing the vapor flow
rates from each well with time). A passive well is simply
a well that is open to the atmosphere; in many cases
ground water monitoring wells are suitable. If a passive
or forced injection well is to have any positive effect, it
must be located within the extraction well’s zone of
influence. Forced injection wells are simply vapor wells
into which air is pumped rather than removed. One
must be careful in choosing the locations of forced injec-
tion wells so that contaminant vapors are captured. by
the extraction wells. rather than forced off-site. To date
there have not been any detailed reports of venting
operanons desngned to study the advantages/disadvan-
tages of using forced injection wells. Figure 11¢ presents
another possible extraction/injection well combination,
As illustrated in Figure 9. passive wells can also be used
as vapor barriers to prevent on-site migration of off-
site contamination probléms.

For shallow contamination problems (<4m below
ground surface) vapor extraction trenches combined
with surface seals may be more effective than vertical
wells. Trenches are usually limited to shallow soil zones
because the difficulty of installation increases with
depth.

Surface seals, such as polymer-based liners and

asphalt, concrete, or clay caps, are sometimes used to
control the vapor- -flow paths. Figure 12 illustrates the
effect that a surface seal will have on vapor-flow pat-
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Figure 13. (a) Extraction well construction, and (b) gir-tight
ground water level measuring system.

terns. For shallow treatment zones (<5m) the surface
seal will have a significant effect on the vapor flow paths,
and seals can be added or semoved to achieve the
desired vapor flow path. For wells screened below 8m
the inﬂuence of surface seals becomes less significant.

Well Screenmg and Construction

Wells should be screened only through the zone of
contamination, unless the permeability to vapor flow is
so low that removal rates would be greater if flow were
induced in an adjacent soil layer (see Figure 6). Removal
rate estimates for various mass-transfer limited sce-

narios can be caiculated from Equations 7 and 12.
Based on Equation 5, the flow rate is expected to




increase by 15 percent when the extraction well diameter
is increased from 10cm (4 in) to 20cm (8 in). This implies
that well diameters should be as large as is practically
possible.

A typical well as shown in Figure 13a is constructed
from slotted pipe (usually PVC). The slot size and num-
ber of slots per inch should be chosen to maximize the
open area of the pipe. A filter packing, such as sand or
gravel, is placed in the annulus between the borehole
and pipe. Vapor extraction wells are similar to ground
water monitoring wells in construction but there is no
need to filter vapors before they enter the well. The
filter packing, therefore, should be as coarse as possible.
Any dust carried by the vapor flow can be removed by
an above-ground filter. Bentonite pellets and a cement
grout are placed above the filter packing. It is important
that these be properly installed to prevent a vapor flow
“short-circuiting.” Any ground water monitoring wells
installed near the extraction wells must also be installed
with good seals.

2

Vapor Treatment
Currently, there a four main treatment processes
available:

& Vapor combustion units: Vapors are incinerated and
destruction efficiencies are typically >95 percent. A
suppleméntal fuel, such as propane, is added before
combustion unless extraction well vapor concentra-
tions are on the order of a few percent by volume.
This process becomes less economical as vapor con-
centrations decrease below =~ 10,000 ppm,.

® Catalytic oxidation units: Vapor streams are heated
and then passed over a catalyst bed. Destruction effi-
ciencies are typically >95 percent. These units are
used for vapor concentrations <8000 ppm,. More con-
centrated vapors can cause catalyst bed temperature
excursions and meltdown.

¢ Carbon beds: Carbon can be used 10 treat almost any
vapor streams, but is only economical for very low
emission rates (<100 g/d)

¢ Diffuser stacks: These do nol treat vapors, but are
the most economical solution for areas in which they
are permitted. They must be carefully designed to
minimize health risks and maximize safety.

Ground Water Pumping System

In cases where contaminated soils lie just above or
below the water table, ground water pumping systems
will be required to ensure that contaminated soils
remain exposed. In designing a ground water pumping
system it is important to be aware that upwelling (draw-
up) of the ground water table will occur when a vacuum
is applied at the extraction well (see Figure 9b). Because
the upwelling will be greatest at the extraction wells,
ground water pumping wells should be located within
or as close to the extraction wells as possible. Their
surface seals must be airtight to prevent unwanted short-
circuiting of airflow down the ground water wells.

System Integration
System components {(pumps, wells, vapor treating

units, etc.) should be combined to allow maximum flexi-

bility of operation. The review by Huizler et al. (1988)

provides descriptions of many reported systems. Specific

requirements are:

® Separate valves, flow meters, and pressure gauges for
each extraction and injection well.

® Air filter to remove particulates from vapors
upstream of the pump and flow meter.

® Knock-out pot to remove any liquid from vapor
stream upstream of the pump and flow meter.

Monitoring
The performance of a soil-venting system must be
monitored in order to ensure efficient operation, and

to help determine when to shut off the system. At a

minimum the following should be measured:

® Date and time of measurement.

® Vapor flow rates from extraction wells and into injec-
tion wells: These can be measured by a variety of
flow meters including pitot tubes, orifice plates and
rotameters. It is important to have calibrated these
devices at the field operating pressures and tempera-
tures.

® Pressure readings at each extraction and injection
well can be measured with manometers or magnahelic
gauges.

@ Vapor concentrations and compositions from extrac-
tion wells: total hydrocarbon concentration can be
measured by an on-line total hydrocarbon analyzer
calibrated to a specific hydrocarbon. This information
is combined with vapor flow rate data to calculate
removal rates and the cumulative amount of contam-
inant removed. In addition, for mixtures the vapor
composition should be periodically checked. It is
impossible to assess if vapor concentration decreases
with time are due to compositional changes or some
other phenomena (mass transfer resistance, water
table upwelling, pore blockage, etc.) without this
information. Vapor samples can be collected in evacu-
ated gas samplmg cylinders, stored, and later ana-
lyzed.

® Temperature: ambient and soil.

® Water table level (for contaminated soils located near
the water table): It is important to monitor the water
table level to ensure that contaminated soils remain
exposed to vapor flow. Measuring the water table
level during venting is not a trivial task because the
monitoring well must remain sealed. Uncapping the

" well releases the vacuum and any effect that it has
" on the water table level. Figure 13b illustrates a moni-
toring well cap (construcied by Applied Geosciences
Inc., Tustin, California) that allows one to simulta-
neously measure the water table level and vacuum in
a monitoring well. It is constructed from a commer-
cially available monitoring well cap and utilizes an
~ electronic water level sensor.
Other valuable, but optional measurements are:

- ® Soil-gas vapor concentrations and compositions:

These should be measured periodically at different
radial distances from the extraction well. Figure 14
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Figure 14. Vadose zone monitoring well instaltation.

shows the construction of a permanent monitoring
installation that can be used for vapor sampling.and
subsurface temperature measuremeats. Another
alternative for shallow contamination zones is the use
of soil-gas survey probes. Data from soil-gas probes
are valuable for two reasons: (1) by comparing extrac-
tion well concentrations with soil-gas concentrations
it is possible to estimate the fraction of vapor that is
‘flowing through the contaminated zone $=C.yiraciion
wel/Csoit gas» and (2) it is possible to determine if the
zone of contamination is shrinking toward the extrac-
tion well, as it should with time. Three measuring
points are probably sufficient if one is located near
the extraction well, one is placed near the original
‘edge of the zone of contamination, and the th:rd is
placed somewhere in between.
" These momtonng 1nstallauons can also be useful for
monitoring subsurface vapors after venting has ceased.

Determining When to Turn Off the System

Target soil cleanup levels are often’set on a site-by-
site basis, and are based on the estimated potential
impact that any residual may have on air quality, ground
water quality, or other health standards. They may also
be related to safety considerations (explosive limits).
Generally, confirmation soil borings, and sometinies
soil-vapor surveys are required before closure is
granted. Because these analyses can be expensive and
often disrupt the normal business of a site, it would be
valuable to be able to. determine when confirmation
borings shouid be taken. If the monitoring is done as
suggested previously, then the following criteria can be
used: . .
¢ Cumulative amount removed. Determmed by inte-

grating the measured removal rates (flow rate x con-
centration) with time. While this.value indicates how
much contaminant has been removed, it is usually
-not very useful for determining when to take confir-
mation borings unless the original spill mass is known
_ accurately. In most cases that information is not avail-
able and cannot be calculated accurately from soil-

boring data.
¢ Extraction well vapor concentrations: The vapor con-

centrations are good indications of how effectively
the venting system is working, but decreases in vapor
extraction well concentrations are not strong evidence
that soil .concentrations have decreased. Decreases
may also be due to other phenomena such as water
table level increases, increased mass transfer resist-
ance due to drying, or leaks in the extraction system.
¢ Extraction well vapor composition: When combined
with vapor concentrations these data offer more
insight into the effectiveness of the system. If the total
_vapor concentration decreases without a change in
composition, it is probably due to one of the phe-
nomena mentioned previously, and is not an indica-
tion that the residual contamination has been signific-
. antly reduced. If a decrease in vapor concentration
is accompanied by a shift in composition toward less
volatile compounds, on the other hand, it is most
. likely due to a change in the residual contaminant
concentration. For residual gasoime cleanup, for
- example, one might ‘operate a venting system until

benzene, toluene, and xylenes were not detected in
the vapors. The remaining residual would then be

composed of 'larger molecules, and it can be argued
that these do not pose a health threat through volaula-
zation or leaching pathways. .
¢ Soil-gas contaminant concentration and composition:
These data are the most useful because it yields infor-
mation about the residual composition and extent of
contamination. Vapor concentrations cannot, in gen-
eral, be used to determine the residual level, except
in the limit of low residual levels (note that Equation 1
is independent of residual concentration). It is important
to consider.the effect of continued soil-venting system
operation on soil-gas sampling results. Results taken
- during operation, or immediately after shutdown, can
be used to assess the spatial extent of contamination
and composition of the vapors. After the system is
shut down, vapors will begin to migrate away from
the source and equilibrate on a larger scale. True soil-
vapor concentrations can be measured once equilib-
rium concentrations are attained in the sampling
zone; at least two sampling times will be required 10
determine that equilibration has occurred. Due to the
diffusion of vapors, samples taken after shutdown are
not good indicators of the spatial extent of the conta-
minated zone: -

Other Factors
Increased Biodegradation

It is often postulated that because the air supply to
the vadose zone is increased, the natural aeroblc micro-
bno[oglcal activity is mcreased during venting. While the
argument is plausible and some. laboratory. data are
available (Salanitro et al. 1989), conclusive evidence
supporting this theory has yet to be presented. This is
due in part to the difficulty in making such a mea-
surement A mass balance approach is not likely to be
useful because' the initial spill mass is generally not
known with sufficient accuracy. An indirect method
wouid be to measure CO, levels in the extraction well




vapors, but this in itself does not rule out the possibility
that O, is converted to CO; before the vapors pass
through the contaminated soil zone. The best approach
is to measure the 0O,/CO; concentrations in the vapors
at the edge of the contaminated zone, and in the vapor
extraction wells. If the CO,/0O; concentration ratio
increases as the vapors pass through the contaminated
soil, one can surmise that a transformation is occurring,
although other possible mechanisms (inorganic reac-
tions) must be considered. An increase in aerobic mic-

robial populations would be additional supporting evid-

ence.

In Situ Heating/Venting

The main property of a compound that determines
whether or not it can be removed by venting is its vapor
pressure, which increases with increasing temperature.
Compounds that are considered non-volatile, therefore,
can be removed by venting if the contaminated soil is
heated to the proper temperature. In situ heating/vent-
ing systems utilizing radio-frequency heating and con-
duction heating are currently under study (Dev et al.
1988). An alternative is to reinject heated vapors from
catalytic oxidation or combustion units into the con-
taminated soil zone.

Air Sparging
Due to seasonal ground water level fluctuations, con-

taminants sometimes become trapped below the water
table. In some cases ground water pumping can lower
the water table enough to expose this zone, but in other
cases this is not practical. One possible solution is to
install air sparging wells and then inject air below the
water table. Vapor extraction wells would then capture
the vapors that bubbled up through the ground water.
To date, success of this approach has yet to be demon-
strated. This could have a negative effect if foaming,
formation pluggmg, or downward migration of the resid-
ual occurred. -

Application of the Design Approach
to a Service Station Remediation .

In the following, the use of the approach discussed
previously and outlined in Figure 2, is demonstrated for
a service stat:on remediation. :

Prelumnary Site lnvestngauon
Prior to sampling it was estimated that 2000 gallons
of gasoline had leaked from a product line at this operat-
ing service station site. Several soil borings were drilled
and the soil samples were analyzed for total petroleum
hydrocarbons (TPH) and other specific compounds
(benzene, toluene, xylenes) by a heated-headspace
method utilizing a field GC-FID. Figure 15 summarizes
some of the results for one transect at this site. The
following relevant information was collected:
® Based on boring logs there are four distinct soil layers
between 0 — 18m (0 - 60 ft) below ground surface
(BGS). Figure 15 indicates the soil type and location
of each of these layers.
@ Depth to ground water was 15m, with fine to medium
sand soils.
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Figure 1S. Initial total hydrocarbon dnsmbutlon [mg/kg-soll}
and location of lower zone vent well. .

e The largest concentrations of hydrocarbons were
detected in the sandy and silty clay layers adjacent
to the water table. Some residual was detected below
the water table. Based on the data presented in anure
15 it is estimated that =~ 4000kg of hydrocarbons are
present in the lower two soil zones.

® Initially there was some free-liquid gasoline floating
on the water table: this was subsequently removed

» by pumping. A sample of this product was analyzed
and its approximate composition (=20 percent of the
compounds could not be identified) is listed in-
Table 2 as the “weathered gasoline.” The corre-
sponding boiling point distribution curve for this mix-.

ture has been presented in Figure 3.

® Vadose zone monitoring installations similar to the
.one pictured in Figure 14 were installed during the
preliminary site investigation.

Deciding if Venting Is Appropriate

For the remainder of the analysis the contaminated
soils located just above the water table will be the focus.
¢ What contaminant vapor concentranons are likely to

be obtained?

Based on the composition given in Table 2, and using
Equation 1, the predicted saturated TPH vapor concen-
tration for this gasoline is:

Cest = 220 mg/L

Using the “approximate” composition listed in Table
2 yields a value of 270 mg/L.. The measured soil-vapor
concentration obtained from the vadose zone monitoring
well was 240 mg/L. Due to composition changes with time,
this will be the maximum concentration obtained during
venting.
® Underideal flow conditions is this concentration great

enough to yield acceptable removal rates?




Equation 4 was used to calculate Rqcceptable- ASSUm-
ing M,y = 4000kg and T = 180 d, then:

thceplabie = 22 kg]d

Using Equation 2, C,q, = 240 mg/L, and Q = 2800 V/
min (100 c¢fm):

Res = 970 kg/d
which is greater than Rgccepiable-
® What range of vapor flow rates can realistically be

achieved?

Based on boring logs, the contaminated zone just
above the water table is composed of fine to medium
sands, which have an estimated permeability 1< k < 10
darcy. Using Figure 5, or Equation 5, the predicted flow
rates for an extraction well vacuum Pw = (.90 atm are:

0.04 < Q < 0.4 m¥m-min = 5.tcm, R; = 12m

0.43 < Q < 4.3 ft¥/ft-min = 2.0 in, R; = 40 ft.

The thickness of this zone and probable screen thick-
ness of an extraction well is about 2m (6.6 ft). The total
flow rate per well through this zone is estimated to be
0.08<Q<0.8 m*min (2.8 cfm<Q<28 cfm).

e Will the contaminant concentrations and estimated
flow rates produce acceptable removal. rates?

Using C.s=240 mg/L, the maximum removal rates
likely to be obtained are calculated from Equation 2:

28 kg/d < (Rest)max < 280 kg/d.

To be conservative, we will guess that only 50 percent

of the vapor actually flows through contaminated soils,

so our estimated removal rate per well will be half of

these values. The estimated acceptable removal rate
Raccepuable = 22 kg/d falls within this range. Of course
this calculation did not take into account the possibility
of vapor concentration decreases during venting. This
will be taken into account in the next subsection.

e What residual, if any, will be left in the soil?

A target cleanup level for most gasoline spill sites
is <1000 mg/kg TPH residual; in some states the target
Jevel is <100 mg/kg TPH. If the initial residual level is
~10,000 ppm, then at least 90 percent of the initial
residual needs to be removed. According to the curves
in Figure 8, which represent the maximum removal rates
for the gasoline analyzed at this site, approximately 100
1-vapor/g-residual will have to pass through the conta-
minated zone to achieve this target. Based on our esti-
mated initial residual of 4000kg TPH, 4 x 10° l-vapor
are required. Over a six-month period this corresponds
to an average flow rate Q=1.5 m*/min (54 cfm). Recall
that since this corresponds to the maximum removal
rate, it is the minimum required flow rate.
® Are there likely to be any negative effects of soil vent-

ing?

Given that the contamlnated soils are located just
above and below the water table, water table upwelling
during venting must be considered here.

Air Permeability Test

Figure 16 presents data obtained from the air per-
meability test of this soil zone. In addition to vapor
extraction tests, air injection tests were conducted. The
data are analyzed in the same manner as discussed for
vapor extraction tests. Accurate flow rate (Q) values
were not measured, therefore, Equation 17 was used to
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Figure 16. Air permeability test results: {a) vapor extraction
test; (b) air injection test. {In H,0] denote vacuums expressed
as equivalent water column heights.

determine the pérméability to vapor flow. The k values
ranged from 2 to 280 darcys, thh the median being ~8
darcys.

System Design

¢ Number of vapor extraction wells:

Based on the 8 darcys permeability, and assuming
a 15cm diameter (6 in) venting well, a 2m screened
section, P;, = 0.90 atm (41 in H,O vacuum) and R,_12m
then Equation S predicts: A

Q =90.7 m*min = 25 cfm

Based on the preceding discussion, a minimum aver-
age flow rate of 1.5 m¥min is needed to reduce the
residual to 1000 ppm in six months. The number of wells
required is then-1.5/0.7 = 2, assuming that 100 percent
of the vapor flows through contaminated soils. It is not
likely that this will occur, and a more conservative esti-
mate of 50 percent vapor flowing through contaminated
soils would require that twice as many wells (four) be
installed.

A single vapor extraction well (HB-25) was installed
in this soil layer with the knowledge that more wells
were likely to be required. Its location and screened
interval are shown in Figure 15. Other wells were installed
in the clay layer and upper sandy zone, but in this paper
only results from treatment of the lower contaminated




zone will be discussed. A ground water pumping well was

installed to maintain a 2m drawdown below the static water
level. Its location is also shown in Figure 13.

System Monitoring

Three vadose monitoring wells similar in construc-
tion to the one pictured in Figure 14 were installed so
that the soil temperature, soil-gas concentrations, and
subsurface pressure distribution could be monitored at
three depths. One sampling port is located in the zone
adjacent to the aquifer. The vapor flow rate from HB-
25 and vapor concentrations were measured frequently,
and the vapor composition was determined by GC-FID
analysis. In addition, the water level in the ground water
monitoring wells was measured with the system pictured
in Figure 13b. The results from the first four months of
operation are discussed in following text

In Figure 17a the extraction well vacuum and corre-
sponding vapor flow rate are.presented. The vacuum
was maintained at 0.95 atm (20 in H;0O vacuum), and
the flow rate was initially 12 scfm. It gradually decreased
to about 6 scfm over 80 d. For comparison, Equation 5
predicts that Q=12 cfm for k=8 darcys. Increasing the
applied vacuum to 0.70 atm (120 in H,O vacuum) had
little effect on the flow rate. This could be explained
by increased water table upwelling, which would act to
decrease the vertical cross section available for vapor
flow. The scatter in the flow rate measurements is prob-
ably due to inconsistent operation of the ground water
pumping operation, which frequently failed to perform
properly. )

Figure 17b presents the change in vapor concentra-
tion with time. Fifteen specific compounds were identi-
fied during the GC-FID vapor analyses; in this figure
the total concentration of known and unknown com-
pounds detected between five boiling point ranges are
presented: . .

methane - isopentane (<28 C)

isopentane - benzene (28 - 80 C)

benzene - toluene (80 - 111 C)

toluene - xylenes (111 - 144 C)

>xylenes (>144 C). .

There was a shift in composition toward less volatile
compounds in the first 20 days, but after that period
the composition remained relatively constant. Note that
there is still a significant fraction of volatile compounds
present. Within the first two days the vapor concentra-
tion decreased by 50 percent, which corresponds to the
time period for the removal of the first pore volume of
air. Comparing the subsequent vapor concentrations
with the concentrations measured in the vadose zone
monitoring wells indicates that only (80 mg/L)/(240 mg/
L)*100=33% of the vapors are flowing through contamin-
ated soil.

Figure 18a presents calculated removal rates (flow
rate X concentration) and cumulative amount (1 gal =
3 kg) removed during the first four months. The
decrease in removal rate with time is due to a combina:
tion of decreases in flow rate and hydrocarbon vapor
concentrations. After the first four months approxi-
mately one-fourth of the estimated residual has been
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removed from this lower zone. :
On day 80 the vacuum was increased from 20 - 120
in H,O vacuum and the subsequent increase in subsur--




face vacuum and water table upwelling was monitored.
Figure 18b presents the results. Note that the water
table rise paralleled the vacuum increase, although the
water table did not rise the same amoum that the
vacuum did.

Figure 19 compares the reduced measured TPH
vapor concentration C(t)/C(t=0) with model predic-
tions. C(t=0) was taken to be the vapor concentration

after ‘one pore volume of air had passed through the

contaminated zone (=80 mg/L), m(t=0) is equal to the
estimated spill mass (=4000 kg), and V(t) is the total
volume of air that has passed through the contaminated
zone. This quantity is obtained by integrating the total
vapor flow rate with time, then multiplying it by the
fraction of vapors passing through the contaminated
zone ¢ (=0.33). As discussed. the quantity ¢ was esti-
mated by comparing soil-gas concentrations from the
vadose zone monitoring installations with vapor concen-
trations in the extraction well vapors. There is good
quantitative agreement between the measured and pre-
dicted values.

Based on the data presented in Figures 15 through
19 and the model predictions in Figure 8, it appears that
more extraction wells (= 10 more) are needed to reme-
diate the site within a reasonable amount of time (< 2
years).

Conclusions

A structured, technicatly based approach has been
presented for the design, construction, and operation
of venting systems. While an attempt has been made 10
explain the process in detail for those not familiar with
venting_ operations or the underlying governing phe-
nomena, the most effective and efficient systems can
onty be designed and operated by personnel with a good
understanding of the fundamental processes involved.
The service station spill example presented supports the
validity and usefulness of this approach.

There are still many technical issues that need to be
resolved in the future. The usefulness of forced or pas-
sive vapor injection wells is often debated, as well as
other means of controtling vapor flow paths {impermea-
ble surface covers, for example). A well-documented
demonstration of the effectiveness of soil venting for
the removal of contaminants from low-permeability
soils is also needed. It is clear from the simplistic model-
ing results presented in this paper that venting will be
less effective in such situations. Without a comparison
with other viable treatment alternatives, however, it is
difficult to determine if soil venting would still be the
preferred option in such cases. Other topics for future
study include: enhanced aerobic biodegradation by soil
venting, the possibility of decreasing residual contami-
nant levels in water-saturated zones by air sparging/
vapor extraction, and optimal operation schemes for
multiple vapor extraction well systems.
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